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ANALYSIS OF THE LUNAR SURFACE AND ATMOSPHERE

BYM.ss s_EcTRoscoPY

A study has been made of problems associated with the determination of the

composition of the lunar atmosphere and lunar crust by mass spectroscopy.

Methods for determining the mineralogy and petrology of lunar samples from

their chemical compositions are •summarized. Consideration is given to the charac-

teristics of the lunar environrnent and its influence on the general design of the lunar

instrumentation package. Various types of ion sources, ion mass/charge analyzers

and ion detectors are evaluated. Instrument calibration and ground-based data

processing are alsodiscussed.

The conclusion of the study is that the most promising type of equipment for

the proposedapplication appears to be a Monopole mass analyzer with an electron

bombardment ion source and electron multiplier detector. Vaporization of solid

samples would be achieved either by an intense electron beam or by means of an

accurately focused laser beam. Automatic calibration checks by intermittently re-

l'eased standard samples of known composition are strongly recommended. A

resolving-power multiplier would be used to process telemetered spectra, making

it possible to increase the effective resolving power of the lunar analyzer and under
o

suitable .z;onditions to correct for minor/instrument aberrations in the event of a

hard landing. _£7 b4L0

Recommendations are made concerning several areas in which further research

appears to be justified.

!
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ANALYSIS OF THE LUNAR SURFACE AND ATMOSPHERE

BY MASS SPECTROSCOPY

IN TRODUC TION

The composition of the surface of the moon is of interest not only to fill an

important gap in our knowledge, and because of the clues it can provide on the

origin and evolution of the solar system, but also because, within the next few years,

we shall be landing manned spacecraft on the moon and later, perhaps, developing

military outposts, space-stations, and fuel and material production facilities there.

The lunar gaseous atmosphere (and any particulate "atmosphere" that may be

present) is also of interest both for purely scientific reasons and because it is the

environment in which men, instruments and machines will have to operate on the

moon.

As regards the lunar surface, the engineering aspects perhaps overshadow,

for the moment, the intense _'purely scientific" interest in Earth's nearest neigh-

boro Chemical composition is of great importance because, clearly, it will

eventually be necessary, for economic reasons, for us to undertake to derive

materials from '_moon stuff" both to sustain life there and to support exploration

missions beyond the Earth-Moon system. The content, distribution and chemical

forms (mineralogy)in which water, oxygen, hydrogen, carbon, hydrocarbons,

metals, etc., occur are of critical interest in planning for the support of a con-

tinuing Manned Space Exploration Program of the Moon and more distant planets.

Determination of the composition of the tenuous lunar gas atmosphere at

the very earliest opportunity is essential for a very simple reason: this atmosphere,

which in 1960 was a product of the entire life history of the Moon (believed to be

about 4,500,000,000 years), and might therefore have given much information on



the evolution of the solar system,
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has since then been progressively contaminated

I

I
by materials sent to the Moon from Earth by man, and will soon be irretrievably

lost for study. The constituents of the very rarefied (perhaps 10-11 torr maximum

pressure) original atmosphere will become so extensively mixed with and reacted

with propellant and other vapors from spacecraft and rockets that an accurate deter-

mination of the composition of the "true" lunar atmosphere will no longer be possible.

i

I
I

Mass spectroscopy offers promise of being able to perform both of these very

difficult analytical tasks - and, in addition, of providing isotopic abundance,

molecular species, and free-ion concentration data. And it even seems possible

that a single device can be designed which can perform both the atmospheric and

solid-surface analyses.

I

I
I

In order to provide useful data on partial pressures in the lunar atmosphere,

it is believed an instrument must be capable of detecting constituents present at

pressures as low as i0-13 or even 10-14 torr (ram Hg). It should probably also

be capable of detecting energetic ions and particles. The instrument need not have

a high resolution, but must be built to ultra-high vacuum standards so that it will

I

I
I

not contribute significantly itself, by "outgassing", to the spectrum it produces.

It must operate successfully in the severe lunar environment°

In the "solids" analysis instrument, high resolution is desirable so that com-

plex molecules may be detected if present; for this purpose also an upper mass

range limit approaching 600 is desirable, if feasible. Another important problem

I
I
I

that must be solved in any lunar surface analyzer is that of sampling. For a mass

spectrometer analyzer, there is the problem of transforming the solid specimen

under investigation into free atoms and molecules in an ion source in a reproducible_

calibratable fashion, while for all analyzers there is the problem of insuring that the

samples analyzed are as representative of the range of lunar surface rock types as

I

I
I

possible, or at least of developing criteria whereby the degree of representativeness

may be evaluated.
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Because the instrument must be taken to the moon by rocket, and because of

the character of the lunar environment (with, for example, its large temperature

variations, intense primary cosmic rays, and possibly non-negligible concentrations

of electrically charged dust), the design of the instrument, especially as regards ion

detection and data-processing systems, presents some very special problems. The

lunar mass spectroscope must of course be as light as possible, and yet it must be

sufficiently rugged to withstand landing shock and thermal shock and retain its

alignment. A "trade off" among these conflicting requirements must be made.

Means of compensating, through special mass spectrometer output signal analysis

techniques_ for small misalignments resulting from a less-than-soft landing,

should be considered.

It is necessary, too, to consider whether standard samples should be taken

along, for analysis after landing, to provide a positive calibration of the apparatus.

Finally, the translation of a chemical analysis into a rock type or mineral

assemblage is difficult in the present state of the art. A number of different types

of rock may have closely similar major and even minor element contents. An

unequivocal decision cannot be made between these if only an accurate bulk chemical

analysis is available. It appears, however, that the usefulness of the classical

"modal" or "normative" analysis technique of petrology as a specific indicator

of lunar rock type can be greatly increased if refined composition-determination

experiments of likely lunar rock types are performed terrestrially with a duplicate

of the system to be sent to Moon.

--e objective of this study has been to develop criteria by whichpreliminary

to judge the suitability of proposed mass spectroscopic systems to the tasks set

out in the preceding section, to compile pertinent data on the various kinds of mass

spectroscopic analyzers, and therefrom to recommend certain systems that seem

to have sufficient promise to warrant construction and further experimental test

in the laboratory. At the same time, we have attempted to develop some critical

experiments to perform on the moon with the systems selected, in order to deter-

mine composition and rock type.
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DETERMINATION OF MINERALOGY AND PETROLOGY OF A SAMPLE ON

THE SURFACE OF THE MOON FROM ITS CHEMICAL ANALYSIS
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DETERMINATION OF MINERALOGY AND PETROLOGY OF A SAMPLE

ON THE SURFACE OF THE MOON FROM ITS CHEMICAL ANALYSIS

INTRODUCTION

Since there is as yet no direct evidence available, there are divergent opinions

concerning the composition and nature of the lunar surface among the experts on the

subject. However, the concensus of opinion is that there is an excellent prospecf

that the surface rocks of the Moon are chemically identical with terrestrial igneous

rocks and/or with meteoritic material. In planning a program for the chemical

analysis of lunar samples in situ, therefore, consideration of the compositions of

igneous rocks and of meteoritic material which might be encountered is essential.

Fortunately, there is a large reservoir of information about the chemistry and

mineralogy of igneous rocks and of meteorites to provide a sound basis for such

a program° The first direct measurements to be obtained can be at once compared

with this collection of data, a procedure which should make possible many deductions

which would be unjustified on the basis of the lunar measurements considered alone.

Subsequent direct measuring programs would benefit greatly from this dual feed-

back--direct feed-back from the first measurements, and feed-back from the

reservoir of chemical data.

There are in addition two distinct aspects to the lunar analysis project. The

first is the performance of a useful chemical analysis of a lunar sample, and the

second is the interpretation of the analysis - the recognition from it of the type of

rock from which it comes and the making of such deductions as are permissible

on the basis of rock type and chemistry. The amount of petrological and other

information extracted from the sample through chemical analysis will depend on the

completeness of the analysis, the accuracies of individual measurements, the repre-

sentativeness of the sample, and the quality of the data on rocks and meteorites

I
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to which it is compared. One way to approach the problem is to consider four

stages:

i. Recognition of rock type is the primary objective. Once rock type has been

recognized, the effort involved in the following stages can proceed with enhanced

efficiency and can be concentrated on smaller areas of study.

The first important distinction one would attempt to make is that between

igneous rock and meteorite; the second would be the recognition of the rock as a

member of a specific family of igneous rocks or of meteorites. A possible basis

for such distinctions would be the comparison of the concentrations and ratios of

certain key elements in the unknown with known compositions of known igneous

rocks and meteorites. The known ranges of variability of igneous rock types and

meteorites provide indications of the priority which should be given to measurements

of specific elements, attention being concentrated initially upon those elements which

seem to offer the best prospects for making the necessary distinctions. Attention

must also be given to specifying the sensitivities, precisions, and accuracies

required if such measurements are to be successful in establishing the required

distinctions.

Perhaps as few as two or three element ratios will suffice for this first

I

I

I
I

classification of the rock, as indicated in the following discussion.

A procedure can be worked out most straightforwardly for this part of the

program by considering only those types of rock which have been most commonly

proposed as lunar materials; these include basaltic rocks, granitic rocks (including

acidic ash falls or flows), and chondrites. However, it should be borne in mind

that in fact almost any kind of known igneous rock or meteorite might be encountered,

and that rocks with no terrestrial equivalents could conceivably occur. It is quite

possible, too, that unless placement of the probe on the moon be closely observed

and controlled, the sample measured could be taken from an outcrop which is quite
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atypical of the average surface material of the moon. The sample, and hence the

analysis returned, could, for example, come from a mineralized zone, or from a

vein deposit, such as may occur at scattered localities on the surface of the Moon

(if there has been igneous activity there), if the instrument package should happen

to land on one of these or some other rare outcrop. It is important, therefore,

that the instrument selected should be versatile, and not limited in its analysis

capabilities to specific narrow analytical paths in the expectation of finding one or

the other of a very few "most probable" rock types. The program must, of course,

be based on current best evidence and inference as to expected rocks, but flexibility

must be maintained in the event the inferences prove to be in error or the probe

inadvertently samples an atypical rock.

2. The chemical analysis should, first, provide enough information for the

sample to be given a name. Then, the analysis should be examined with the aim

of classifying the rock in as detailed a fashion as possible. If the sample proves

to be an igneous rock, the minerals quartz_ alkali and plagioclase feldspars,

pyroxenes, and olivines will be of most significance in classification.

Unfortunately, chemical analysis does not per se provide one with a mineralogy

for the rock unequivocally, and rock classification, which is based on mineralogy_

therefore cannot be made directly. To overcome this difficulty_ the so-called

"normative" classification technique would probably be most useful. This recasts

a chemical analysis into standard mineral molecules which can then be used as a

basis for a mineralogical classification of the rock. For many igneous rocks the

"normative" minerals (minerals calculated from chemical content) approximate

very closely to the "modal" minerals (the actual mineral content of the rock). This

is true for basaltic and granitic rocks_ which have been widely proposed as probable

rocks on the lunar surface. The calculated norm of the silicate portion of a

meteorite is likewise a useful basis for its classification within the family of
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meteorites. However, in order to calculate the norm of a rock, it is necessary to

know the weight percentages of at least i0 oxides, and 13 or 14 are usually used

in such calculations. These include the major elements O, Si, AI, Fe_ Mg, Ca_

Na, and K, all of which must be measured with high accuracy.

3. The concentrations of certain trace elements may by themselves permit

the distinction of one rock type from another. For example: nickel (Ni) is present

I

I
I

I
I
I

I

I
I
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only in trace amounts in most igneous rocks, but in most meteorites it is present in

much greater quantities. This element alone, therefore, might suffice to distinguish

between nearly all igneous rocks and meteorites - although obviously, no program

should rely upon a single measurement to make this distinction. But data on trace

element concentrations in the lunar sample would provide additional evidence to

confirm or dispute the conclusions reached on the basis of the major element deter-

mination, and, when used in making comparisons between the lunar material and

known terrestrial igneous rocks and meteorites, would make possible much finer

distinctions as to rock type.

The radioactive elements constitute an important group of trace elements

which should also be measured, if possible, since they will provide preliminary

information about heat production in lunar material. Other trace elements whose

determination is important include those with isotopes which are used in rock age

determinations, and those whose isotope ratios give other clues as to origin and

history. This group includes at least the elements U, Th, Pb, Rb, Sr, K, Ar_

Ca_ S, Si, O_ C, and H.

4. The proposed program does not end with the recognition and classification

of the rock type and with the measurement of specific groups of trace elements.

For complete characterization of the rock sample, a complete chemical analysis

can provide much additional information. Therefore, the concentrations of as

many elements as possible should be measured. An enormous store of analytical
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data is now available for terrestrial igneous rocks and for meteorites, and in order

to obtain maximum advantage from a single lunar sample, the maxin_u_ number of

elements and isotopes should be determined for comparison against this available

data. Further, this comparison data should be reviewed, ordered, and perfected

I

I
I

I
insofar as possible before the probe experiment.

Viewed in this light, the lunar probe experiment will not be simply a measure-

ment of the composition of one lunar rock sample as a tour-de-force, but instead

its characterization for comparison with a host of rocks; such comparison injects

into the lunar analytical probe experiment all the accumulated results of the work

of the hundreds of analysts who have studied rocks and meteorites throughout the

past century, as a means of gaining maximum knowledge about the Moon's surface

from one or a few samples perhaps selected by chance before Man can land there

and select, inspect and bring back samples.
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THE SURFACE OF THE MOON

Physical Characteristics

Topographic and geological maps have already been prepared from photographs

of the surface of the Moon and a vigorous photographic mapping program is in progress.

The application of standard geological principles permits the recognition of three

main divislons of the surface, probably having different ages. The "continental"

or highland areas of the Moon are light in color, and studded with mountains,

craters_ and linear features. More recent than the light-colored highlands are

the large dark-colored areas of lower elevation, the maria, which area for the most

part_ almost flat. Locally, there are low domes and anticlines, with very gentle

slopes. Occasional craters, rare small crater chains, and some linear features

occur in parts of the maria. Superimposed on both the highland areas and the maria

is a family of craters of apparently younger age than the others in the highland

areas, and younger than those which are covered or partly covered by the maria_

Origin of the Lunar Features

The two major hypotheses of the origin of the lunar surface are concerned

with (1) meteoritic impact_ and (2) volcanic activity. Most experts are prepared

to adopt a compromise hypothesis_ but opinions about the relative importance of

meteoritic impact and of volcanic activity are greatly divergent.

According to the first hypothesis, the lunar surface was shaped by meteoritic

impacts and is therefore composed of an unsorted rubble of meteoritic material

and impactite resulting from fusion of surface rocks during impact. Most pro-

ponents of this hypothesis feel that the maria are composed of extrusive igneous

rocks, but an alternative view is that the maria are covered by very fine material

which settled from enormous dust clouds raised by the impact of meteorites°

According to the second hypothesis, the flatter parts of the highland areas

may represent the original lunar surface, now partly covered by volcanic extrusives_

!
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and the maria are vast areas of extrusive igneous rocks. Although a volcanic

origin is ascribed to some of the craters, proponents of this hypothesis agree that

many of the craters were caused by the impact of meteorites, and some meteoritic

debris may be expected.

Composition of the Lunar Surface

There is as yet no definitive evidence of the composition of the lunar surface,

and inferences based on terrestrial rocks and meteorites range from chondritic to

granitic compositions. According to both major hypotheses for the origin of the

lunar surface features, material of both meteoritic and igneous origin may be

expected. According to the meteorite impact hypothesis the surface would be

largely covered by material corresponding in composition to a mixture of chondrites,

mingled with fragments of carbonaceous chondrites (rare), achondrites, iron

meteorites (iron-nickel alloy), and rock dust and glassyimpactite resulting from

fusion during impact. According to the volcanic hypothesis the light-colored

highland areas may be composed of acidic volcanic extrusives such as pumice,

rhyolite, or silicic welded tufts, and the dark-colored maria may be covered by

dark basaltic lava flows. However, it has been pointed out that radiation damage

may cause light-colored rocks to become dark; this and other major differences

between the terrestrial and lunar environments makes interpretation of lunar

colors in terms of terrestrial rocks rather uncertain. Despite the dark color of

the maria, therefore, the proposal that the maria are covered by silicic ash falls

or flows merits consideration. Some of the low domes on the maria have been

interpreted as serpentinite domes, or alternatively as laccoliths composed of

granitic igneous rocks.

Sedimentary rocks and metamorphic rocks comparable to terrestrial types

are not expected because of the absence of water and air (serpentinite is here

treated as an igneous rock), and this greatly simplifies the business of identifying

I
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lunar rocks as to type by means of a chemical analysis. Still, "sedimentary"

rocks of two types may be encountered. The first type would consist of accumulated

particles deposited from the enormous dust clouds expected by some proponents

of the meteoritic impact hypothesis. The rock so formed would represent a homog-

enized sample of the lunar surface rock and the meteorite(s) involved in an explosive

impact. The second type of sedimentary rock which might be encountered is a

hmar weathering product produced in situ from pre-existing igneous or meteoritic

material, as a result of radiation damage and spallation caused by the extreme

temperature fluctuations. The changes induced by such processes would be

dominantly physical rather than chemical.

According to another suggestion, tektites may be debris from meteoritic

impacts on the Moon. If this is so, then the tektites have already provided us

with a sample of the lunar crust, albeit one somewhat modified by the origin process

and passage through the earth's atmosphere. The compositions of tektites are

therefore included in this review.

The Sampling Problem

Clearly, interpretation of the significance of the chemical analysis of a slngle

rock sample at the surface of the Moon must be made with caution. Identification

of the first rock sampled as a chondrite, for instance, would not prove that igneous

rocks are absent on the lunar surface, and identification of the sample as a

basalt would not mean that there is little meteoritic material on the lunar surface.

This is almost too obvious to be stated, but in view of the heated debates which have

developed even when there was no direct evidence available, it is not unlikely that

the availability of a chemical analysis of a single sample would engender even more

heat, with some persons claiming verification of their hypothesis, and others

suddenly discounting the significance of a single sample. One does well therefore

to take thought in advance to the question of significance of a single small sample
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taken from a large, probably heterogeneous object and consider very carefully what

measurements would yield the most significant information.

Ideally the location of the site of the measurement on the Moon should be

selected as closely as possible in advance with sample significance in mind, and

then the position at which the actual measurement is made should be fixed as

precisely as possible. The chemical measurement can then be related not just to

the single sample, but by geological inference techniques first to the particular

formation on which the probe landed and then more generally.

The highland areas of the Moon are structurally complex. Interpretation

of the areal significance of a single measurement of a highland sample would there-

fore be more difficult than that of a single sample from a mare. In fact, in view of

the uniform appearance of the maria, it would seem permissible to take even a

single sample, provisionally, to be representative of the whole mare and probably

all maria - of course subject to later confirmation. But at present it would appear,

for this reason, a sampling point on a mare would give information having a much

wider "area of inference" on the Moon's surface than a single sampling point on

the highlands. (The situation is entirely different in the case of a manned landing -

but this is not our concern here.)

The size of the individual sample analyzed is also important. The volume

and shape of the whole-rock sample that must be taken depends on the mineral

grain size distribution and texture of the rock. For example, to determine the

composition of a medium grained terrestrial rock, one ordinarily takes a fist-sized

sample. He need thereafter analyze only a small fraction of this, if he powders

the sample and mixes it thoroughly. Alternatively, here on Earth he can prepare

two thin-sections, taken at right angles, and determine composition and structure by

making mineral grain counts or point-to-point compositional analyses. The first

technique (crushing, homogenizing and subsample preparation) is appropriate when

I
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grain size and texture are known, but the second is preferable when, as on the Moon,

grain size, texture, etc. _ are not known in advance; a "traverse" sampling tech-

nique can yield valuable information on the rock's texture and grain size as well

as on its total composition.

CHEMICAL COMPOSITION OF TERRESTRIAL IGNEOUS ROCKS

While the chemical compositions of terrestrial igneous rocks have a fairly

wide range, these compositions are nevertheless constrained within certain well-

defined limits because of the chemical combining properties of the elements involved.

But within these limits, there is continuous chemical variation among the different

rock types. Only eight elements make up nearly 99 weight per cent of most terres-

trial igneous rocks. These are: O, St, AI, Fe, Ca', Na, K, and Mg, and of these

o_ygen is absolutely predominant. Other elements, termed "minor" elements (up to

percent level) or "trace" elements are present only in relatively very small concen-

trations and therefore cannot control rock structure or mineralogy. Nevertheless,

some minor elements vary among the different igneous rocks in such a way that their

concentrations are of great diagnostic value. Furthermore, measurements of the

isotope concentrations of certain minor elements can provide much additional useful

information on rock age, origin, and history.

An average chemical composition for the igneous rocks composing the crust

of the earth has been computed by several workers. Results vary depending on how

"crust" is defined as well as due to differences in data selected. One result is shown

in Table l o The rock composition is expressed in terms of oxides _s is customary

in petrology) but the major element concentrations are also shown. This gives at

least a good indication of the levels of concentration of the various elements which

must be detected.

(cont'd. on page 15)
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Table I

Average Chemical Composition of All Igneous Rocks

|
I

I

SiO 2

AI20 3

Fe203

FeO

MgO

CaO

Na20

K20

H20

CO 2

TiO 2

ZrO 2

P205

C1

Weight Per Cent

59. 12

15.34

3.08

3.80

3.49

5.08

3.84

3.13

1.15

0. I0

1.05

0.04

0.30

0. 048

F

S

(Ce, Y)203

Cr203

V2.O 3

MnO

NiO

BaO

SrO

Li20

Cu

Zr

Pb

0. 030

0. O52

0. 020

0. O55

0. O26

0 124

0 025

0 055

0 022

0 007

0 010

0 004

0 002

Per cent

Element Weight Atomic

O 46.7 59.6

Si 27.7 20. l

Ti 0.6 2.0

A1 8.1 6.1

Fe 5.1 1.9

Mg 2. i 1.8

Ca 3.7 1.9

Na 2.8 2.4

K 2.6 1.4

H 0.14 2.8

I
I

I
I

I
I

I
I

I
I

I
I
I
I

I



-15-

The specific igneous rocks which have been most frequently suggested as

common lunar surface materials are serpentinite, basalt, silicic welded tuff (including

I
I

I

I
I

I
I
I

I
I

I
I

I
I

I
I

rhyolite, pumice, etc.), and granitic rocks (belonging to the same chemical family

as the tuff). Rocks which legitimately carry each of these names may, unfortunately,

have a range of chemical compositions. There are available many collations of the

compositions of these rock types, and at least as many "average" values for each

have been calculated. Some compositions for these igneous rocks believed to be

rather representative are tabulated in Table 2 in terms of their oxides. Their com-

positions recalculated in terms of element concentration are illustrated in Figures

i and 2. In addition to the rock types listed above, the average value of peridotite

is included in the table, because serpentinite is usually developed from peridotite.

The table illustrates that distinct chemical differences do exist among the

different rock types, but the significant chemical differences can perhaps be seen

more clearly in chemical variation diagrams. Some of these have therefore been

prepared and are discussed below. Differences in the chemical compositions of

meteorites, and differences between rocks and meteorites will also be indicated,

after a discussion of meteorite composition.

CHEMICAL COMPOSITIONS OF METEORITES

There are fewer types of meteorites than there are types of igneous rocks,

and of these consideration of the chondrites is probably the most important for the

present problem. The chondrites are the commonest of all meteorites and, according

to one authority, "outer space is evidently populated by chondritic meteorites almost

to the exclusion of other types." The carbonaceous chondrites, a rare variety of

the family, differ chemically in having high water and carbon content. Other

meteorites which should be considered are the achondrites, and the iron meteorites.

The stony-iron meteorites and the irons can readily be distinguished chemically by

(cont'd. on page 17)
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Table 2

Average Chemical Compositions of Selected Igneous Rocks

I
I

I
S P

SiO 2 35.8 43. 95

TiO 2 0. 004 0. i0

AI203 0. 148 4.82

Fe203 - 2. 20

FeO 5.61 6.34

MnO O. 095 O. 19

MgO 39.4 36.81

CaO 0.074 3.57

Na20 - 0.63

K20 Tr 0. 21

H20 12.30 1.08

P205 - 0. 10

B

48.80

2 19

13 98

3 59

9 78

0 17

6 7O

9 38

2 59

0 69

1 8O

0 33

G

70. 18

0.39

14.47

i 57

1 78

0 12

0 88

1 99

3 48

4.11

0.84

0.19

WT

73. 15

0.14

12. 13

1.12

O.66

0.04

0.13

0.71

4.01

5. 27

1.91

0.00

99.44 i00.00 i00.00 i00.00 99.27

So An average serpentinite

P o Average peridotite

B. Average plateau basalt

G. Average granite

WT. A sample of glassy welded tuff from Yellowstone National Park

I
I
I

I
I

I
I

I
I

I
I

I
I
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the nickel-iron alloy which they contain, and so these will not be considered further

here. However, tektites are included here among the meteorites, despite the un-

certainty about their true origin. Table 3 lists the chemical compositions of some

meteorites in terms of oxides. Their compositions in terms of elements are illus-

trated graphically in Figures i and 2.

MAJOR ELEMENT VARIATIONS IN IGNEOUS ROCKS AND METEORITES

The continuous chemical composition variation among terrestrial igneous rocks

has already been mentioned. This variation in composition is conventionally illustrated

in chemical variation diagrams, in which various oxides or elements are plotted against

a selected parameter. The SiO 2 content of igneous rocks varies appreciably from one

rock type to another, as shown in Table 2, and the SiO 2 percentage of a rock has

been widely used as the parameter representing "basicity" or "acidity" in chemical

variation diagrams.

In Figure I, the average weight percentages of the elements contained in the

rocks and meteorites tabulated in Tables 2 and 3 are plotted against the weight per-

centage of Si in the rocks. The averages for igneous rocks are plotted as circles,

and for meteorites are plotted as squares. The compositions of the igneous rocks

are connected by a line, which represents the chemical variation of an average

igneous rock series ranging in composition from serpentinite, through peridotite

and basalt, to the granitic rock family which includes granites and welded tuff.

Each of these rock types may occupy an appreciable range of composition around the

I

I
I

I

plotted average value, and the shaded areas I, If, III and IV illustrate the known

ranges of composition for families of rocks which are called serpentinite, basalt

(or gabbro),granite (or rhyolite, or silicic welded tuff, or pumice, etc.) and

achondrite. Figure i shows that the three igneous rock families are readily dis-

tinguished from each other on the basis of major element contents. The diagrams

(cont'd. on page 24)
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Figure IA - IG: Chemical variation diagrams showing the average compositions

of igneous rocks (circles) and of meteorites (squares). S - serpentinite, P -

peridotite, B - basalt, G - granite_ WT - welded tuff, CC- carbonaceous chondrite,

C - chondrite, A - achondrite, T - tektite. The lines connecting the circles rep-

resent the average chemical variation of the igneous rock series. The shaded

areas indicate the composition ranges of the igneous rock families: I - serpentinites,

II - basalts_ and Ill - granites and rhyolites; Area IV shows the range for pyroxene-

plagioclase achondritic meteorites.

Figure 2A, 2B: Chemical variation diagrams showing critical chemical differences

among igneous rocks (circles) and meteorites (squares). The shaded areas indi-

cate the composition ranges of the igneous rock families: I - serpentinites, II

basalts, III- granites. Once again Area IV represents the pyroxene-plagioclase

achondrites. A key for the rocks and meteorites plotted is given in the legend of

Figure i.
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Table 3

Average Chemical Compositions of Meteorites (weight per cent)

I

I
I

Fe

Ni

Co

FeS

CC

0

0

0

3 66

C

ii 76

I 34

0 O8

5 73

A T I

0.9 90. Z3

0 8. 54

0 0.49

0 0.33

I

I
I

SiO 2 27

TiO Z 0

AI20 3 2

MnO 0

FeO 27

81 38

O8 0

15 2

21 0

34 12

04 49 73.87 0.08

II - 0.75 --

50 ii 12.69 --

25 - 0.10 0

45 17 4.16 0

I

I
I

I
I

I

Fe203 ........

MgO 19.46 23.84

CaO i. 66 I. 95

Na20 0.63 0.98

K20 0.05 0. 17

P205 0.30 0.21

H20 12.86 ....

Cr203 0.36 0.36

NiO I. 53 ....

CoO 0.07 ....

11

10

0.5

0.47 0

2.18 --

2.23 __

1.38 __

2. 28 --

..... P=0.34

..... Cr=0.02

.....

.....

C 2.48 .....

i01.01 99.77 99.4

Low

I00. Ii 100.07

I
I

I

CC.

C.

A.

T.

I.

A carbonaceous chondrite

Average of superior analyses of chondrites

Average pyroxene-plagioclase achondi_ite

Average tektite

Canyon Diablo iron meteorite. Also contains 0.04 % Cu.

Pop. Astron. 58, 190 (1950)

(Buddhue, J.D.,
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show that the meteorites do not conform to the same orderly sequence of chemical

variation and distinction must be made on the basis of specific element concentrations.

It is believed to be very unlikely that the achondrites form a significant part of

the lunar surface; still, it is entirely possible that the sample measured might turn

out to be an achondrite. This could present real difficulties because the range of

compositions occupied by the achondrites overlaps considerably with that of the

basaltic rocks, which it is thought may be one of the major lunar surface constituents.

The achondrites occupy a rather wide range of chemical composition, and they

include several different mineralogical types. They may be characterized chemically

by their CaO content and by their ratios FeO/MgO. The most common achondritesare

the pyroxeneuplagioclase achondrites (see Table 3 for an average value), and so it is

their range of chemical composition that is indicated by the area IV in Figures i and 2.

Most meteorites can easily be distinguished from the igneous rocks on the

basis of the concentrations of the elements Fe, Mg, Na and K. In Figure 2, the com-

positions of the igneous rocks and of the meteorites are compared in two diagrams,

Na vs° K. and Fe vs. Mg. The key for the circles, squares and shaded areas is the

same as for Figure i.

It is not possible in this report to examine in detail the ranges of composition

of ever 7 conceivable rock type which might be encountered on the surface of the Moon

= aitho_agh certainly this should be done at some stage before the lunar probe work

begins. The diagrams illustrating the manner in which the concentrations of certain

elements vary in certain rocks which it is thought might be expected on the Moon

(Figures 1 and 2) give only average values. But the ranges of composition are given

for rocks classified in the families called serpentinite,basalt, granite and achondrite,

and these demonstrate that the measurement of only a few elements would suffice to

distinguish between them. But because it is impossible to rely upon the proposition

I
I

I

I
I

I
I
I

I

I
I

I
I

I
I
I
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that these are the only likely rocks upon the Moon, attention must be given to the

extent of overlap in composition which other types of rock have with these, which

have been considered until now in most detail. This emphasizes once again the need

to characterize the lunar sample in as much detail, chemically, as is possible. The

I

I

I

I
I
I

I
I
I

I

I
I

I

I

probe analysis will be made on unknown material, and although there have been many

intelligent guesses as to what this material might be, we must not lose sight of the

fact that its actual composition is unknown, and must be treated accordingly. The

intelligent guesses as to what will be found can be used only as a guide - albeit a

very useful one.

Chemical differences among igneous rocks and meteorites

The positions of the shaded areas in Figure l indicate that the three families

of igneous rocks which have been proposed as representatives of lunar rocks can

be distinguished from each other readily by their Si content alone: indeed, one

basis for the classification of igneous rocks is the amount of silica they contain.

Serpentinite (Area I) can be distinguished from the other igneous rocks by

its low AI (Figure iA), high Mg (Figure IC), low Na and K (Figures IE and F),

and high H (Figure iG).

Basalt (Area.II) can be distinguished from the other igneous rocks by its high

Fe (Figure iB), intermediate Mg (Figure iC; note small overlap with some granitic

rocks), high Ca, and intermediate Na and K (Figures iE and IF).

The granitic rocks (Area III) can be distinguished from the other igneous rocks

by their low Mg (Figure IC; note small overlap of some granitic rocks with some

basaltic rocks), and high Na and K (Figures IE and F).

The achondrites (Area IV) overlap basalts in composition but might be dis-

tinguished by FeNi content.

The iron meteorites are readily distinguished from other meteorites and the

igneous rocks (Table 3). Iron containing stones might also be determined by Fe Ni
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content and also by sulfur.

Figure 1 confirms that the stony meteorites can ordinarily be distinguished

from each other on the basis of their silica content, but only the carbonaceous

chondrites can be distinguished from the igneous rocks in this way. The specific

chemical differences between the meteorites and the igneous rocks are shown in

Figure l, but the distinctions are perhaps more clearly visible in Figure 2, in

which is plotted the average values of the ratios Na/K and Fe/Mg for the various

rocks, as well as the absolute values of Na, K, Fe, and Mg.

Figure 2A confirms that the meteorites (except some achondrites) can be

distinguished from basaltic and granitic rocks by their low alkali content, and that

tektites can be distinguished from granitic rocks (the only igneous rocks they are

likely to be confused with, see Figure I for Si content) by their relatively low

alkali content. Serpentinite contains virtually no alkalis (Table 2), and is there-

fore distinguishable from the meteorites on this basis as well. However, a dis-

tinction among the meteorites themselves cannot be based on alkali content.

Figure 2B confirms that the meteorites (except some achondrites) can be

clearly distinguished from serpentinite, as well as from the basaltic and granitic

rocks, on the basis of their Fe content. The meteorites have a much higher Fe/Mg

ratio than does serpentinite. On the basis of Fe and Mg contents, Figure 2B

confirms that chondrites are readily distinguishable from achondrites, and probably

distinguishable from carbonaceous chondrites. Only the carbonaceous chondrites

and serpentinites contain more than a very small amount of water (Figure iG), so

distinction between the carbonaceous chondrites and the others should be made

readily.

In summary, it may be concluded that it may be possible to distinguish among

the few igneous rocks and meteorites which have been most often proposed as major

lunar surface materials by measuring the concentrations of just three elements:

I

I
I

I
I
I

I
I

I
I

I

I
I
I

I
I
I

I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

-27-

St, Fe, and Na (or K). The additional measurement of water, or of H, would

immediately indicate the presence or absence of the only likely hydrated materials,

serpentinite or carbonaceous chondrite. Determination of additional elements

would serve to confirm the identification made (Figures l and 2), and would be

necessary to provide enough information about the rock to permit the

mineralogical constitution of the rock to be estimated. The more elements

which can be measured, the more precise and detailed will be the characterization

of the rock concerned. Furthermore, there is still a substantial possibility that

the sample analyzed on the surface of the Moon will have no known counterpart

among the meteorites or the terrestrial igneous rocks.

TRACE ELEMENT VARIATION IN IGNEOUS ROCKS AND METEORITES

Data on the concentrations of trace elements in igneous rocks and meteorites

are not as abundant as the data for major elements, yet they are quite extensive.

It would be possible to compile the data for all elements and from it to construct

diagrams similar to those given for major elements to illustrate the differences

between trace element concentrations in igneous rocks and meteorites, but this

would be a major undertaking because analyses for the trace and microtrace

elements are very spotty in quality so that such a compilation is of little value unless

at the same time an investigation of each measurement is made to evaluate it as to

quality.

Table l gives data on some of the trace elements of possible interest, but

this list is illustrative only, not complete. Certain trace elements can be of direct

value in distinguishing between igneous rocks and meteorites, while others can

yield information about the rate of generation of heat by radioactive decay in lunar

materials, or about the age of the sample, or its origin or thermal history.

The chondrites are readily distinguished from most igneous rocks by their

i
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higher content of Ni and Cr. Table l shows that the concentrations of NiO and Cr203

in the average igneous rock are 0.025 and 0.055 weight per cent respectively,

whereas the average chondrite (Table 3) contains 1.3 weight per cent or NiO and

0.36 weight per cent of Cr20 3. Other trace elements which may help to distin-

guish between chondrites and igneous rocks expected on the Moon are C, which

occurs in more than trace amounts only in carbonaceous chondrites (Table 3),

I

I

I

I
and S, which is present in appreciable quantities in chondrites (Table 3) whereas

in basalts and granites it occurs only in trace amounts.

If the concentration of any one of the radioactive elements U, Th, K, Rb and

Sm could be measured with sufficient sensitivity, this measurement by itself would

permit a first classification of the rock as chondritic, basaltic or granitic --

I

I
I

as is shown by the data listed in Table 4.

Measurement of the concentrations of radioactive isotopes and their daughter

nuclides could provide "apparent ages" for the sample. If it is only possible to

attempt to obtain an age by one technique, the K-Ar decay should probably be used,

because if any of the "most plausible" rocks is actually encountered, K will very

I
I

I
certainly be much more abundant in it than the other radioactive elements, and its

daughter isotope the noble gas 40Ar will be most easy to liberate from the rock

and least contaminated with "original" 40At. Rb/Sr and/or U/Pb "ages" would

be necessary to confirm the K/Ar apparent age. In a more thorough study, one

would also attempt to determine "cosmic ray exposure ages" using 10Be, 26AI

I

I
I

and other isotopes of very small abundance.

The existence of "isotope effects" in chemical processes operating on Earth

has led to the development of techniques for the measurement of temperature of rock

genesis, etc., involving the determination of isotope ratios in the elements C, O, S,

and H. The isotope effects are however quite small and their measurement requires

I
I

I
extremely precise measurements of isotope ratios. It would therefore appear at

(cont'd. on page 30)
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T able 4

Radioactive Element Concentrations in Weight Per Gent

I

I

I

I

I

I

I

I

I

I

I

I
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I

I

]Element Chondrites Basalts Granites

U

Th

K

Rb

Sm

K 40

87
Rb

147
Sm

1 x 10 -6 5 x 10 -5 4 x 10 -4

2 x 10 -6 3 x 10 -4 2 x 10 -3

0.085 0.5 4.0

5 x 10 -4 2 x 10 -3 2 x 10 -2

l x 10 -4 2 x 10 -4 6 x 10 -4

= 0.0119 _0 of K

= 28_ of Rb

= 15_ of Sm
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first inspection that the performance of such studies on lunar samples should

await the time when samples can be collected there and returned to terrestrial

laboratories.

There is, however, the fundamental question of the degree of similarity be-

tween "moon stuff" and terrestrial materials, meteorites, and solar material in

its nuclidic abundances, which in many ways provide better information on origin

and history than do elemental abundances. Since isotopes are only very slightly

fractionated by natural processes (as mentioned in the preceding paragraph),

isotope ratios can give reliable information on nuclidic abundances in the original

material from which the Moon (or Earth or meteorite) was formed. Measure-

ments of isotope ratio of moderate precision would suffice to determine whether

the isotope ratios of H, El, C, O, N, Ne, St, Fe, etc., were (as we anticipate)

in the terrestrial-meteoritic range or not; therefore such measurements should

be attempted on one or more of the above elements.

INTERPRETATION OF A SINGLE CHEMICAL ANALYSIS

The object of analyzing the rocks on the surface of the Moon is to identify

them, in order to provide information on rock properties useful in planning manned

landings and expeditions, and also on the origin of the Moon and the processes which

have shaped its surface. Given a complete chemical analysis of a lunar sample,

the next step would be to compare it with all available analyses of rocks and

meteorites. A procedure for comparison and identification has been outlined in the

preceding pages; it has been shown that a chemical analysis can provide a means

of distinguishing among the various types of igneous or meteoritic material which

may be expected on the lunar surface. But as was also mentioned, the chemical

analysis does not tell us at once what the mineralogical constitution of the material

is. The chemistry of a rock does not provide a unique solution for its mineralogy.
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Several rocks composed of different mineral assemblages may have almost

identical chemical compositions. & rock may be composed almost entirely of

glass, or of glass containing some crystalline material, or of large grains of

minerals, or of one mineral. A chemical analysis tells us little about this. On

the other hand, if the mineralogy of a rock is known completely, then the chemical

composition is uniquely determined - within certain compositional ranges. The

mineralogy and texture of a rock are controlled by the chemical composition, and

by the physical conditions of formation of the rock. Information on the mineralogy

and texture of a rock thus can provide information about its manner of formation.

Such information is, of course, most important also from the engineering stand-

point.

As Tables 2 and 3 illustrate, it is not easy to recognize the significant chemical

differences among rocks by comparing the chemical analyses of rocks listed as

oxides. Too many variables are involved. But there is in general use a method

for converting rock chemical analyses into rock mineral "norms" which permits

the analyses to be compared with other rock analyses in a meaningful fashion.

The analyses expressed in terms of oxides are recalculated into a set of standard

mineral molecules, which have been chosen in such a way that the calculations are

simple, and that the "normative" minerals and mineral assemblages correspond

insofar as possible to those actually occurring in real rocks having the same chemical

composition. The actual mineral composition of the rock is called the "mode";

the standard mineral molecule composition calculated from the chemical abundances

is called the "norm". For many igneous rocks, the norm is remarkably similar

to the mode.

Complete details for the calculation of the norm of a rock are given in an

appendix. In making the calculation, the compositions of the "standard " mineral

molecules are taken to be invariant (while in nature substitution occurs) - as for
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example, albite, Na20. Al203.6SIO2; acmite, Na20. Fe203"4SIO2; ilmenite, FeO. TiO 2.

The complete list is given in the Appendix. The general procedure is as follows:

i. The oxides present in small quantities are used to form certain

standard accessory minerals.

2. All K20 and all Na20 are allocated to standard orthoclase and

albite feldspar molecules respectively, and all or part of the CaO

to anorthite (depending on the relative amounts of CaO and AI203

remaining).

3. Any CaO rernaining_ and FeO and MgO are used to form standard

pyr oxene molecules.

4. If any SiO2is left over at this stage, it becomes quartz. But if

there was insufficient SiO 2 to convert all of the FeO and MgO to

pyroxenes, some of the pyroxene is changed to olivine. Further,

for some rocks, it may be necessary to convert albite and ortho-

clase to feldspathoids in order to balance the available SiO2.

5. There are several paths in the calculation alternative to the

above sequence set up to deal with the rarer rocks containing,

for example, an excess of Na20; but the steps outlined above are

the ones most commonly used.

The result of a calculation of the above type is the "norm", a list of standard

I
I

I
I
I

I
I

I
I

I
I

I
I

minerals of fixed composition and including quartz, albite, orthoclase, anorthite,

pyroxene, olivine (if there is no quartz in the norm), feldspathoids (if there is no

quartz in the norm), and various accessory minerals. Quartz, the feldspars,

the pyroxenes and olivines together, of course_ make up a high proportion of all

igneous rocks; in fact, igneous rocks are classified on the basis of their modal

quartz and feldspar content and composition, and for many igneous rocks the quan-

tities of these minerals in the norm approximate very closely to the quantities in

I
I

I
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the mode. Normative quartz and feldspar, therefore, may be used to classify igneous

I
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I
I

I
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I
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I

I

I
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rocks. Note that the amounts of albite and orthoclase feldspars which appear in

the calculated norm depend upon the amounts of Na20 and K20 in the analysis, and

the amount of normative anorthite depends upon the amount of CaO and AI203 in

the analysis. Calculation of the accessory minerals in the norm uses up some of

the CaO and FeO before calculation of the major normative minerals, and the

amount of quartz in the norm, or the degree of undersaturation if there is insufficient

SiO 2, depends upon the amounts and relative proportions of the other major elements

after adjustment for the accessory minerals. The accuracy of the calculated norm

for a lunar rock sample will thus depend in particular upon the accuracy of measure-

ment that can be achieved for Na and K, which are not likely to be present in very

high concentrations (Figure 2).

The procedure for the calculation of the norm of a lunar sample will, further-

more, probably have to be modified compared to the usual procedure given in the

Appendix, because the lunar analysis will not be as complete in some details as

the usual analyses of rocks. Chemical analyses of terrestrial rocks usually

include determinations of the concentrations of 13 elements, and this provides an

adequate basis for calculation of the norm. If additional trace elements have been

measured, such as BaO, SrO_ ZrO2, etc., these can be incorporated into the

normative calculation_ but the result is not greatly affected. Computer programs

are available for the calculation of norms from a list of only 10 oxides, and the

results so obtained are adequate for routine work. However, the ratio of FeO/Fe203

(ferrous/ferric iron) in an igneous rock has a significant effect on the calculated

norm. This ratio will not be available from the in situ analysis of a lunar sample,

and the procedure for the normative calculation will have to be modified accordingly.

The norm calculation can also provide a valuable indication of the mineral-

ogical composition of the silicate fraction of meteorites (except for the carbonaceous
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chondrites), but here again problems arise in the interpretation of an in situ lunar

analysis. The iron in meteorites is distributed between a metallic nick_l-iron

alloy_ ferrous iron combined in silicate minerals (FeO), and sulphide minerals

(commonly troilite, FeS). Only the iron combining with oxygen, hence, only the

FeO, combined in the silicate fraction is of significance in the calculation of the

norm. It will also be necessary to ignore the Ni detected in the analysis when

computing the norm, assuming that this probably is combined in the metallic frac-

tion of the meteorite rather than in the silicate fraction. Measurement of S would

give an indication of the amount of iron contained in sulphide minerals_ but dis-

tinction between metallic iron and that combined in silicates would be difficult.

The lack of knowledge of the oxidation state of the iron in the lunar sample

is the first major problem in calculating a norm from an analysis. A second

problem will arise if the sample analyzed turns out to be either a serpentinite

or a carbonaceous chondrite. The norm could be calculated, but for these rocks

it would have significance only as a basis for comparison of the sample with other

similar rocks. It would not give the true mineralogy of the sample, because the

standard mineral molecules of the norm include no hydrated minerals, whereas

carbonaceous chondrites and serpentinites are composed almost entirely of hydrated

minerals (note the high water contents of these rocks in Tables 2 and 3).

Serpentinites are composed largely of the mineral serpentine, and carbonaceous

chondrites are composed largely of amorphous hydrated silicate or of serpentine,

together with small amounts of organic compounds. It is possible to work out a

modified normative calculation involving the mineral serpentines so that the

norms of serpentinites and carbonaceous chondrites would approximate the mineral-

ogical composition; modifications of this kind have been adopted for terrestrial

metamorphic rocks which contain hydrated phases not included in the standard

normative minerals. However, there would seem to be little point in doing this for
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these two rocks; the chemical analysis would be sufficient for their recognition,

and their analyses can be compared straightforwardly with available analyses of

similar rocks. The norms of all other rock types which might be encountered

should be worked out, however, and some means of coping with the problem of

unknown oxidation state of iron must be devised.

The simplest, and probably quite effective method of treating the iron problem

would be to select FeO/Fe203 values on the basis of the available analyses of similar

rocks. To do this the first step would be to decide what type of rock was involved,

by using the methods already outlined (Figures i and 2). The analysis of the un-

known could then be compared with all available analyses of similar rocks or

meteorites until the closest match was found. Then, for a sample which was

interpreted as being an igneous rock the ratio of FeO/Fe203 in the matching rock

would be adopted, after which the norm could be worked out in the usual way. For

a meteorite, the iron would have to be divided between metallic iron, sulphide,

and ferrous oxide, by comparison with other analyses of knowns until a closely

matching analysis was found, and then the norm would be worked out only for the

silicate fraction remaining after the iron allocated to metal and sulphide had been

subtracted, along with the nickel and other metal phase and sulfide phase elements.

The values obtained for nickel and sulphur in the analysis would be of great help

in making the comparison between the sample analyzed and other meteorites, and

in deciding what fraction of the analyzed sample should be allocated to the silicate

part of the meteorite.

As previously noted, the value of the norm is two-fold; it provides an approxi-

mation of the mode of a rock, that is its actual mineralogy, and it makes easier

the quantitative comparison of the analysis with those of other rocks. In addition,

it is useful for the detection of analytical errors gross enough to result in

"impossibl@" rock types. The norm could therefore be a useful guide for the design
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of later probes intended to investigate directly the mineralogy of lunar surface

materials, in addition to their chemistry. One of the ways in which useful com-

parisons could be made between the unknown sample analyzed and terrestrial

igneous rocks is by calculating from the norm the Differentiation Index. This

index is defined as the sum of its normative salic minerals (see Appendix), and

it is used as a parameter in chemical variation diagrams for the comparison of

igneous rock series (compare the use of Si in Figure i). A great advantage of

the Differentiation Index compared to other parameters used in chemical variation

diagrams is that such diagrams are already available in which 5,000 superior

chemical analyses of terrestrial igneous rocks have been plotted in terms of their

oxide contents versus their Differentiation Indices. Thus, given the chemical

analysis and calculated norm of a lunar sample, direct and easy comparison with

a large number of terrestrial igneous rocks, covering the whole range of igneous

chemistry, will be possible.
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APPENDIX I

CALCULATION OF THE NORM

Certain constituents, as calculated, enter only into molecules which are

incapable of change, whatever the chemical composition of the rock. Thus ZrO 2

appears only in standard zircon, P205 in apatite, etc. Other constituents may

enter different mineral molecules according to the amounts of other constituents

present. Potash may form orthoclase, leucite, or kaliophilite, and soda form

albite or nephelite, according to the amount of available silica.

Alumina_ unless in excess of combined alkalies and lime, always unites

in the ratio of l:l with potash, soda, or lime in the salic minerals orthoclase,

leucite, kaliophilite_ albite, nephelite, and anorthite. In these minerals any

mention of potash, soda, or lime, therefore, implies an equal number of molecules

of alumina. Only the lime in anorthite is salic; the excess is femic.

Normative Mineral Molecules

Quartz (Q)

Corundum (C)

Zircon (Z)

Orthoclase (or)

Albite (ab)

Anorthite (an)

heucite (ic)

Nephelite (ne)

Kaliophilite (kp)

Halite (hl)

Thenardite (th)

Sodium carbonate (nc)

(Salic Group)

SiO 2

AI202

ZrO2. SiO 2

_K20- AI203 •6SiO 2

F ................. _Na20" AI203" 6SiO 2

_CaO. A1203 •2SiO 2

_K20. A1203. 4SiO 2

L ................ )Na20. A1203. 2SiO 2

kK20° A!203. 2SiO 2

NaCI

Na20. SO 3

Na2Oo CO 2
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Normative Mineral Molecules (cont'd)

(Femic Group)

Acmite (ac) ]Sodium metasilicate (ns)

Potassium metasilicate (ks)|

Diopside (di)

Wollastonite (wo)

Hypersthene (hy)

Olivine (oi)

Calcium orthosilicate

Magnetite (mt)l

Chromite (cm)_ H

Hematite (hm J

Ilmenite (il)

Titanite (tn)
T

Perofskite (pf)

Rutile (ru)

Apatite (ap)

Fluorite (fr)

Pyrite (pr)

Calcite (cc)

P ......

(cs)) O ........

_M, .......... . .

J

A ................... l

INa20. Fe203. 4SiO 2

Na20.SiO 2

K20. SiO 2

CaO. (Mg, Fe)O. 2SiO 2

CaO. SiO 2

(Mg, Fe)O.rSiO 2

r2(Mg, Fe)O. SiO 2

_CaO. SiO
2

fFeO. Fe203

FeO. Cr203

Fe203

FeO. TiO 2

CaO. TiO 2. SiO 2

CaO. TiO 2

_TiO 2

3(3CAO. P205 ). CaF 2

CaF
2

FeS 2

CaO. CO
2

I
The Calculation

In the following, the word "amount" should always be understood to mean

the molecular number obtained by dividing the percentage weight of the constituent

by its molecular weight.

1. The molecular number (amount) of each constituent is determined by

reference to a table of molecular numbers. If the result is less than 0.002 it may

be neglected.

The rules have been slightly condensed from those given by Washington. The

formulas have been solved once for all, so that the values for x, y and z may be

obtained directly without combining equations, thus greatly simplifying the cal-
culation.
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2._ The amounts of MnO and Ni0 are to be added to that of FeO, and those

of BaO and SrO to that of CaO.

3a. An amount of CaO equal to 3.33 that of P205 (or 3.00 P205 and 0.33F,

if the latter is present) is allotted for apatite.

3b. An amount of Na20 equal to that of C12 is allotted for halite.

3c. An amount of Na20 equal to that of the SO 3 is allotted for thenardite.

It must be remembered here that the SO 3 stated in the analysis often really represents

the S of pyrite, so that rule 3c is applicable only when the rock contains minerals of

the hauynite group.

3d. An amount of FeO equal to half that of S (or the S of erroneously stated

SO 3 as above) is allotted for pyrite.

3e. An amount of FeO equal to that of the Cr203 is allotted for chromite.

3f. An amount of FeO equal to that of the TiO 2 is allotted for ilmenite.

If there is an excess of TiO 2, an equal amount of CaO is to be allotted to it for

provisional titanite, but only after the allotment of CaO to AI203 for anorthite

(Rule 4d). If there is still an excess of TiO 2 it is calculated as rutile.

An amount of CaO equal to half that of the remaining F is allotted for3g.

fluorite.

3h. If the rock is not decomposed and contains cancrinite, an amount of

Na20 equal to that of the CO 2 is allotted for sodium carbonate, which is to be

considered as salic. If the rock contains calcite, an amount of CaO equal to that of

the CO 2 is allotted for calcite. If the modal calcite is primary, the normative cal-

cite molecule is to be regarded as femic; if the modal calcite is secondary, the

calculated calcite molecule is to be disregarded as not forming part of the norm.

3i.

4a.

orthoclase.

Set aside the ZrO 2 for zircon.

An amount of AI203 equal to that of the K20 is allotted for provisional
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4b. If there is an excess of K20 over AI203 (an excess extremely rare),

it is calculated as potassium metasilicate. For the Na20 see Rules 5a and 5b.

4c. An excess of AI203 over the K20 is allotted to an equal amount of

remaining Na20 for provisional albite. If there is insufficient A1203, see Rule 4g.

4d. If there is an excess of AI203 over the K20+ Na20 used in 4a and 4c,

it is allotted to an equal amount of remaining CaO for anorthite.

4e. If there is an excess ofAl203 over this CaO, it is calculated as

corundum.

4f. If there is an excess of CaO over the AI203 of 4d, it is femic and

reserved for diopside and wollastonite (see Rules 7a and 7b).

4g. If in 4c there is an excess of Na20 over A1203, it is to be reserved for

acmite and possibly for sodium metasilicate (see Rules 5a and 5b). There is then

no anorthite in the norm.

5a. To an amount of Fe203 equal to that of the excess of Na20 over AI203

(see Rule 4g) is allotted an equal amount of Na20 for acmite.

5b. If there is still an excess of Na20 over Fe203 (a rare excess), it is

calculated as sodium metasilicate.

5c. If, as usually happens, there is an excess of Fe203 over remaining

Na20, it is assigned to magnetite, an equal amount of FeO being allotted to it out

of what remains from the formation of pyrite, chromite, and ilmenite (see Rules

3d, 3e, 3f).

5d. If there is still an excess of Fe203, it is calculated as hematite.

6. All the MgO and the Fe0 remaining from the previous allotments (see

Rules 3d, 3e, 3f, and 5c) are added together and their relative proportions are

ascertained (most easily by the use of a slide rule).

7a. To the amount of CaO remaining after allotment in Rule 4d is allotted

provisionally an equal amount of MgO+ FeO to. form diopside, the relative proportions

of these two, as they occur in the remainder, being preserved.
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7b. If there is an excess of CaO , it is reserved for provisional wollastonite.

7c. If there is an excess of MgO+ FeO over that needed for diopside (7a),

it is reserved for provisional hypersthene.

All the oxides except SiO 2 have now been assigned to actual or provisional

mineral molecules and we have next to consider the distribution of the silica.

8a. Allot the necessary amount of silica to ZrO 2 to form zircon (Rule 3i,

l:l), to GaO to form titanite (Rule 3f, l:l), to excess Na20 to form acmite (Rule 5a,

4:1), to excess K20 and Na20 to form potassium and sodium metasilicates (Rules

4b, 5b, l:l), to 1"(20 for provisional orthoclase (Rule 4a, 6:1), to Na20 for pro-

visional albite (Rule 4c, 6:1), to CaO for provisional anorthite (Rule 4d, 2:1), to

CaO+ (Mg, Fe)O for diopside (Rule 7a, l:l), to excess CaO for wollastonite (Rule

7b, l:l), and to (Mg, Fe)O for hypersthene (Rule 7c, l:l).

The amounts of silica so assigned are subtracted from the total silica.

8b. If there is an excess of SiO2, as there commonly is, it is calculated

as quartz.

8c. If there is a deficiency of silica in 8a, the SiO 2 allotted to hypersthene

(Rule 7c) is subtracted from the general sum of 8a and the remainder subtracted from

the total SiO 2. If there is here an excess of SiO 2 more than enough to equal half

the amount of (Mg, Fe)O of Rule 7c, it is allotted to the (Mg, Fe)O of 7c to form

hypersthene and olivine, and is distributed according to equations (i) and (2):

Let x = the number of hypersthene molecules, y = the number of olivine

M = the amount of available (Mg, Fe)O, S = the amount of availablemole cule s,

SiO2; then

Rule 6 and used in forming diopside (Rule 7a) are to be preserved.

x= 2S - M, (1)

y=M-x. (2)

In this operation the relative proportions of MgO and FeO determined in

The fixed and
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provisional molecules of Rule 8a are calculated into their percentage weights.

If there is not enough silica to equal half the amount of (Mg, Fe)O of Rule

7c, all the (Mg, Fe)O of Rule 7c is calculated as olivine, SiO 2 equal to half its

amount being assigned to it.

8d. If there is a deficiency of SiO 2 in 8c, the SiO 2 allotted totitanite (3f)

is subtracted from the general sum of 8a, and the CaO and TiO 2 are calculated as

perofskite (CaO" TiO2).

8e. The sum of the SiO 2 needed to form the molecules of 8a is deducted from

the total SiO2, except that olivine is substituted for hypersthene and perofskite for

titanite, and that albite is not included. If there is an excess of more than twice

(and, of course, less than six times) that of the Na20 for the provisional albite of

8a, this is distributed between albite and nephelite according to equations (3) and

(4). If the excess is less than twice the Na20, it is taken care of in Rule 8f.

Let x = the number of albite molecules, y = the number of nephelite molecules,

N = the amount of available Na20 , S = the amount of available SiO2; then

S - 2N
4 ' (3)

y = N -- x (4)

8f. If there is still a deficiency of SiO 2 - that is, in 8e, not enough to

equal twice the amount of available Na20 - all this Na20 is allotted to nephelite

and the K20 is distributed between orthoclase and leucite as follows: The sum of

the SiO 2 needed for the molecules in 8a is subtracted from the total SiO2, olivine

being substituted for hypersthene, perofskite for titanite, and nephelite for albite,

orthoclase being disregarded. If there is an excess of more than four times (and,

of course, less than six times) that of K20 , it is distributed between orthoclase

and leucite according to equations (5) and (6). If the excess is less than four times

the K20 , it is taken care of in Rule 8g.
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Let x = the number of orthoclase molecules, y = the number of leucite

molecules, K = the amount of available K20, S = the amount of available SiO2;

then

S--4K (5)
x= 2 '

y = K-z (6)

8g. If there is still a deficiency of SiO 2 -- that is, in 8f, not enough to

equal four times the amount of K20 -- we have to distribute the GaO of wollastonite

and diopside between these two and calcium orthosilicate, and the (Mg, Fe)O of

diopside between diopside and olivine, according to available SiO 2. There are two

possible cases.

The most common case is that in which there is no wollastonite or its

amount is insufficient to satisfy the deficiency in SiO 2. Here, after allotting

SiO 2 to form leucite (from all the K20 ), nephelite, anorthite, acmite, and olivine

of Rule 8c, and possibly zircon and sodium metasilicate, the amount thus used is

deducted from the total SiO 2, the residue being the available silica.

Eet x = the number of new diopside molecules, y = the number of new olivine

molecules, z = the number of calcium orthosilicate molecules, S = the amount of

available SiO 2, M = the amount of (Mg, Fe)O (of provisional diopside), C = the

amount of GaO of provisional diopside and wollastonite; then

ZS--M- C (7)
x- Z '

M--x (8)
Y= 2

C -x (9)
z= _

In these three equations x = half the number of SiO 2 molecules in diopside,

y = the number of Si02 molecules in olivine, and z = the number of SiO 2 molecules

in calcium orthosilicate.
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If there are less than half as many molecules of silica as the sum of the

CaO. (Fe, Mg)O of provisional diopside and olivine, use Rule 8h.

In the second case, where there is sufficient tentative wollastonite to meet

the deficiency of SiO2, the total amount of SiO 2 in the rock is subtracted from the

sum of the SiO 2 which has been allotted to leucite, nephelite, anorthite, acmite,

diopside, olivine, and to tentative wollastonite. The deficit is the number of molecules

of necessary calcium orthosilicate, and also the amount of SiO 2 to be assigned to it.

This requires twice as much CaO. The rest of the GaO remains in wollastonite

and takes an equal amount of SiO2, while the diopside remains unchanged.

8h. If, as may very rarely happen, there is not even enough SiO 2 to form

leucite, we must assume the presence of the kaliophilite molecule in the norm

and distribute the K20 between this and leucite. Diopside and wollastonite fall out,

the CaO contained in them being used as calcium orthosilicate and the (Fe, Mg)O

as olivine. The sum of the SiO 2 needed for nephelite, anorthite, acmite, sodium

metasilicate, olivine, calcium orthosilicate, and zircon is subtracted from the

total S±O2, and the amounts of leucite and kaliophilite are calculated according to

equations (10) and (11).

Let x = the number of leucite molecules, y = the number of kaliophilite

molecules, K --the amount of K20, S = the amount of available SiO2; then

S --2K
x = --Z-- ' (lO)

9. Having adjusted the amounts of the SiO

(11)

and all the other constituents

between the fixed molecules and those with differing ratios of SiO 2 (the provisional

becoming the actual molecules), they are calculated into the percentage weights

of the mineral molecules of the norm by the use of tables.
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i0. The position of the magma in the classification is now to be deter-

mined, the class by the ratio of sal. to fern., the order by the ratio of quartz

to feldspar or lenadto feldspar in Classes I, II, and III, and by P+ O to M in

Classes IV and V, etc., etc.

_ohannsen, A descriptive petrography of igneous rocks, 88 - 92)
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THE INSTRUMENTATION PACKAGE AND ITS LUNAR ENVIRONMENT
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THE INSTRUMENTATION PACKAGE AND ITS LUNAR ENVIRONMENT

Instrumentation Package - General Considerations

The maximum allowable weight of the complete lunar analyzer has not been

decided. It appears that it is very unlikely to be below 25 lb. or above 250 lb. and

that a suitable design target would be in the range 25 - 50 lb.

The stray magnetic field produced by the analyzer in the spacecraft after

landing on the Moon has to be kept to about 0. l_, which necessitates either the use

of a completely non-magnetic analyzer , or very careful shielding. This require-

ment apparently results from expectations that a magnetometer experiment is likely

to be carried on the same lunar shot. If no magnetometer were present, the allow-

able stray fields would of course be much larger.

Power consumption must obviously be minimized; however, it must be assumed

that a power consumption several times greater than that of existing flyable gas-

analysis mass spectrometers could be tolerated for short periods of time, such as

might be required to analyze one small sample of the lunar crust.

Physical strength and sensitivity to impact damage of the lunar analyzer must

clearly be not inferior to that of existing flyable instruments, and preferably superior.

Protection must be provided, by means of a suitable housing and baffles, for

exclusion of failing dust from the critical parts of the lunar analyzer, and for the

prevention of accumulation of any dust which does enter, by means of suitable "drain

holes". The extent of the dust problem is unknown, but it is probable that the dis-

turbance involved in the spacecraft landing, in the occasional impacts of micrometeor-

ires in the locality, and in the possible intermittent release of sub-surface gases may

result in a fairly substantial dust fall during the life of the instrument package. If the

dust is electrically charged, an almost completely enclosed instrument may be required.

In order to obtain an accurate sampling of the lunar atmosphere, which is

thought to exert a pressure of I0 -ll to 10 -14 torr, it is important that the ion source
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be comparatively open to the lunar environment and that it be thoroughly outgassed

by the time of analysis. The complete analyzer head should be kept in an evacuated

environment until it leaves the Earth's atmosphere.

Orientation of the ion source after landing is important, so that the gases

sampled by it may be of lunar origin rather than the outgassing products of the

spacecraft or of the landing area (which will have been exposed to retro-rocket

exhanst s).

In order to properly analyze the lunar atmosphere the ion source must there-

fore be comparatively open to the lunar environment while at the same time being

protected from dust-fall and from "seeing" the spacecraft and landing area. In order

to establish the severity of the outgassing effects from spacecraft and landing area,

it would be useful to arrange a controllable or automatically timed shutter on the

ion source so that these normally unwanted molecular beams could be admitted

temporarily.

The mechanical problems of obtaining solid samples and transporting them

into the ion source region are not required to be included in this study.
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TEMPERATURE RANGE AT THE LUNAR SURFACE

Pettit and Nicholson (i) measured the heat radiation from various regions of

the Moon and calculated the corresponding surface temperature. For the full

Moon they determined the following temperatures at the indicated fractional dis-

tances from the center to the limb; 134 o C at 0.0 radius (the subsolar point),

122 ° C at 0.5 radius, 102 ° C at 0.75 radius, 77 ° C at 0.9 radius, and 67 ° C

close to the limb. When the temperature of the subsolar point was measured at

the half phases a surprise resulted, for it was only 81 ° C. The great roughness

of the surface must account for this difference and, thus, we must be careful in

assigning amiquetemperature to any particular region on the Moon. During the

long lunar night the temperature is fairly constant at about - 153 ° C. During a

lunar eclipse Pettit (2) observed that at a point along the path of the center of the

earth's shadow the temperature dropped from a pre-eclipse value of 69 ° C to

-63 ° C at the beginning of totality one hour later, and continued to drop to - 121o C

during the total phase of the eclipse.

The highest temperature is approximately the equilibrium temperature,

i19 ° C, of a black plane at the same distance from the sun and illuminated by

sunlight and radiating from only its front side. For comparison the equilibrium

temperature of a black sphere illuminated by sunlight would be 4 ° C. If, in

addition, the black sphere is just above the lunar surface and so is illuminated

by sunlight on the sunward side and is illuminated by the radiation from the

surrounding lunar surface at an average temperature of about 100 ° C on the lower

side, it will have a temperature intermediate between the black sphere temperature,

4 ° C, and the average temperature of the surrounding lunar surface, about 100 ° C.

The actual temperature of an object near the lunar surface can be modified

considerably from the above equilibrium black body values by properly arranging

the absorbing and emissive properties of its surface and, of course, for any
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element contained inside the object by the use of insulation and a heat source.

Much research and practical experience in the use of such technics has already

been involved in the space research program. Recently, also, Butler and Jenkins

(3) have calculated the temperature of meteoroids with different radiative charac-

teristics.
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THE RADIATION AT THE LUNAR SURFACE

I. The Sources of Radiation at the Lunar Surface

To predict the quality and quantity of radiation at the lunar surface, it is

necessary to consider each of the sources that contribute to this radiation and to

estimate the intensity of each contribution. This requires that we use the appropriate

existing measurements of the radiation from the various sources and properly infer

how they will contribute to the radiation field at the lunar surface. But unfortunately,

the existing measurements do not adequately specify all aspects of these radiations,

e.g., the energy distribution, intensity variations in space and time, etc., and

they do not give us a complete knowledge of the interactions of these radiations

with matter. In addition, it is necessary to adopt models for the composition and

structure of the lunar surface and these can be inferred only poorly from our

present knowledge of the moon. For these reasons any quantitative predictions

of the amount of radiation at the lunar surface are subject to large error. In

addition, the amount of radiation in a particular volume considered can be altered

considerably by the presence of nearby mass, particularly in the form of shielding.

Since our interest here is in the total amount of ionization produced, including

ionization produced at appreciable depths (say greater than 0. l mm), we need not

consider electromagnetic radiation of wavelengths longer than the soft x-ray limit

nor particle radiation with energy less than about one Mev. On the other hand,

we must consider any radiation which does not produce much ionization itself but

which is capable of penetrating deeply into materials and producing secondary

particles that are strongly ionizing. In situations where we lack the necessary

detailed information, we will need to rely, as much as possible, on existing

measurements of the total ionization produced by all components of the radiation

from a particular source.

We need to consider the radiation at the lunar surface originating from the
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following sources:

_A. Primary cosmic radiation.

B. Primary gamma radiation.

C. Solar radiation.

I. Quiet sun

2. Disturbed sun

D. Secondary cosmic radiation.

I. Normal radiation

2. High energy events

}E. Induced radioactivities in lunar material.

F. Natural radioactivities in lunar material.

If° The Quantity of Radiation.

A. The primary cosmic radiation.

The intensity of the primary cosmic radiation at the lunar surface is

expected to be similar to the intensity at the top of the earth's atmosphere with

a due allowance for the low energy cut-off produced by the earth's magnetic field.

The omnidirectional primary cosmic ray intensity was recently given (l, po 84)

as Zo I_+ 0. 2 cm -2 sec-I which corresponds to an intensity of .33 cm -2 sec-1 sr-i

2
For a cm lying horizontally on the lunar surface and thus completely shielded

from the lower hemisphere by the moon we expect 2. l primary cosmic ray

2
particles to traverse the cm each second.

Most of the primary cosmic radiation consists of protons. About 10_0 of the

flux is _ -particles and i to 2_0 consists of heavier nuclei (I, p. 88). Since the

number of cosmic ray particles decreases exponentially with increasing energy,

the number of primaries that produce a particular effect is strongly dependent on

the low energy threshold required to produce the effect. Recent experiments

indicate that in fact there is a large number of particles with energy less than 600
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Mev. but considerable uncertainty still exist about the number of particles and

their energy distribution (5, 6, 7).

B. Primary gamma-radiation (_)

The intensity of the primary _ -radiation has recently been measured

by several investigators (2, 3, 4). We can adopt as representative of this work the

-3 -2 -l -l
value 2 x 10 _ -rays cm sec sr If we integrate over the upward hemis-

2
phere we obtain the number of such primary _'-rays that traverse acm lying on

-i
the lunar surface in one second, i.e., 1 x 10 -2 _-rays cm -2 sec (But in

the work reported by Duthie et al (4) the detector had a _/-ray energy threshold

of 60 Mev.) Thus it appears that the intensity of the primary _-radiation

2
incident on a cm lying on the lunar surface will be only a small fraction of that

of the secondary _-radiation produced by the interaction of primary cosmic

radiation with the lunar material. Therefore the effect of primary _'-radiation

at the lunar surface can be neglected.

C. Solar Radiation

1. Solar gamma-radiation

Detectors that were sensitive to _-rays with an energy

greater than 200 Mev. indicated an upper limit of _--ray flux from the sun of

- -2 -l
8 x 10 3 photons cm sec (8). While this number may be increased during the

time of flares, we nevertheless expect the contribution to the radiation at the

lunar surface from solar gamma rays to be negligible.

2. Solar x-rays

Measurements of the x-rays in the range 8_k_k<100_

-2 -l
indicate a flux density of about 0. 1 erg cm sec (7). The energy distribution

of these x-rays is approximately represented by a Planckian distribution for

700,000 ° K. During the times of s01ar-flares there is a marked increase in the

amount of this radiation and also there is a measurable amount of more energetic
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x-rays: during flares, x-rays with energy greater than 20 keV have a flux of

about 4.5 x 10-6 erg cn_-2 -lsec and detectors with responses in the range 2 - 8 A

and 8 - 20 A were saturated (i0).

3. Solar particle radiation

Measurements of the cosmic radiation generally include the

particles of solar origin. A large fraction of the particles at the low energy end

of the cosmic-ray spectrum are attributed to a solar origin. Since it is in this

region that cosmic-ray particles are most abundant, we see that the sun plays an

important role in determining the amount of radiation at the lunar surface. Further,

I
I

I
I

I
I
I

the solar component is variable with the period of the sun's rotation and with the i
period of the sun spot cycle. Recent experiments indicate that a large number

of particles with energy less than 600 Mev exists, but considerable uncertainty

still exists about their number and energy distribution (5, 6, 7).

During times of solar flares, particles with energies from a few

million to a few billion electron volts are emitted by the sun. While the flares

occur only at relatively rare intervals and are of short duration, it has been found

that the radiation emitted during these short flare periods may greatly exceed all

of that emitted during long periods between flares. As an example, during seven

-2
flares between 1956 and 1961 the radiation dose under l g cm of water shielding

at the earth's distance exceeded 100 rads (ll). Further, during the International

Geophysical Year 10 to 15 particle-producing flares a year were observed. For

comparison the galactic cosmic rays contribute a yearly dose of between 5 to 15

fads. Since the solar flare particles arrive almost isotropically at the earth for

several days after the visible flare, it is apparent that they will make an important

contribution to the radiation at the lunar surface. The exposure to such particles

can be substantially reduced by confining observations to times of sunspot mimi-

mum, by making use of "solar weather predictions" and, since these particles
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include many of low energy, by modest amounts of shielding.

D. Secondary cosmic radiation

Secondary cosmic radiation makes an important contribution to the

radiation at the lunar surface. This radiation consists of ionizing particles such

as electrons, protons, helium and other nuclei, neutral and lightly ionizing

particles such as neutrons and mesons, and _/-radiation. The amount of secondary

cosmic radiation, produced in any shielding or structural material (such as a lunar

probe) above the lunar surface region considered can be calculated if the compo-

sition, amount and geometry of the probe material is specified. However, the

amount of secondary radiation coming from the lunar surface material itself

cannot be calculated satisfactorily from our present knowledge. This difficulty

arises for two reasons: the composition and structure of the lunar material is

not known and the lunar material is below the region considered. Since in the

interaction of a cosmic ray primary with matter a large fraction of the secondary

radiation is emitted in a cone oriented in the same direction as the primary,

careful allowance for this must be made in the calculations. The radiation that

is emitted in the backward direction is often referred to as the "albedo radiation"

Calculations have been made of the albedo neutron radiation expected from the

lunar surface, and for a basaltic composition of the moon the calculated value

is 0.26 neutrons cm -2 sec-l (12)," and this flux may increase appreciably during

solar flares. It appears that the most important contribution to the secondary

radiation will be made by primaries striking the surface of the moon at low

angles around the region considered. For such low-angle primaries some of the

forward oriented secondaries will come up out of the lunar surface and traverse

the region considered. If we assume that the primary radiation is isotropic over

the upward hemisphere, we notice that one fourth of the incident radiation comes

from directions that are closer than 15 ° to the horizontal plane. It is also
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necessary to consider the contribution produced by the occasional high energy

events.

At present, we must work with models of the lunar surface - model

compositions such as those outlined elsewhere in this report, and model surface

relief structures and textures. Careful and detailed calculations of various model

lunar probe-lunar surface-lunar composition systems will be necessary to provide

a basis for accurately estimating the amount and composition of secondary cosmic

radiation produced from lunar and probe materials reaching the sensitive regions

of the probe. The single example of a model moon calculation given above (0 . 26

-2 -1
neutrons-cm sec for quiet sun periods) indicates that such secondary radiation

presents a serious problem both to manned expeditions and unmanned probe

experiments, which must be studied in detail in advance if successful exploration

of the lunar surface is to be accomplished.

E. Induced radioactivities in lunar material

Although the induced radioactivities in the lunar material are caused

by the action of cosmic radiation, they are best treated separately from the usual

secondary radiation. These induced radioactivities will make a contribution to

the particle and gamma radiation at the lunar surface. The intensities of such

radiation from each of the different radioactive nuclei will depend on the equili-

brium amount of each nucleus and therefore on the cosmic ray intensity integrated

over a few half lives of the nucleus. Many of these radioactive nuclei may have

half lives sufficiently long so that the important, though, occasional, high energy

events and flares determine the equilibrium amounts present and thus also the

intensity of the radiation from their decay. The observations of cosmic-ray

induced radioactivities in meteorites will serve as a good guide in estimating the

amount of radiation from this source (13, 14, 15). Again, the actual activities present

will depend on the actual composition of the lunar surface region under considera-
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tion, and again, detailed calculations based on model composition would be

necessary to make a proper estimate of these activities.

F. Natural radioactivities in lunar material

We expect that uranium, thorium and potassium will be the most

important naturally radioactive elements in the lunar material. At present it

appears that the abundances of these elements in the lunar material will be

similar to their abundances in terrestrial igneous rocks, perhaps of basaltic

type, or chondritic meteorites. But since these abundances are low and since

the particle and gamma radiations produced have relatively short ranges, this

source is not expected to make an important contribution to the radiation above

the lunar surface, compared to the other sources.
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INTERACTION OF RADIATION AT LUNAR SURFACE

WITH ELECTRONIC COMPONENTS

A reservoir of experience on the interaction of radiation and other unique

elements of the space environment, gained from satellite experiments and deep

space probes as well as laboratory experiments, already exists within the National

Aeronautics and Space Administration and its contractors. Much of this experience

can be directly applied to the case of an electronic unit situated on the lunar surface.

However, it must be recognized that this environment is different in many details

from the space environment.

An important difference pointed out in the preceding discussion is the

importance of secondary radiation in the vicinity of the lunar surface, arising from

reactions of primaries with surface materials. Because of this secondary radiation,

electronic components in a lunar surface probe will be exposed to a stronger radiation

flux and one of different composition fromthat experienced by a probe in space or in

circumterrestrial or circumlunar orbit. This requires that new, stringent standards

of performance be developed for the electronic components that are to be exposed to

lunar surface conditions, on the basis of more accurate estimates of the actual

lunar surface radiation flux - which, as is recommended above, still apparently

need to be developed. It is therefore presently not possible for us to attempt to define

the effects of the lunar radiation environment on electronic components with exacti-

tude; nor was this an object of this preliminary study. It is an area in which additional

work must be done.

Nevertheless, some comments on one problem that may prove to be important,

depending on the actual radiation level and composition, may be useful. Any elec-

tronic system intended for space use will almost certainly be designed around semi-

conductor devices. It is very probable that the primary effect of radiation exposure

of such devices will be to produce a cutoff collector current in excess of that
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encountered in normal transistor operation. It is likely that thermal runaway

induced by this means will become an important threat to the life of the device well

before actual radiation damage is suffered by the material itself.

It is well known that a transistor draws a small cutoff collector current ICO

I

I
I

even when the base current is zero due to minority charge carriers originating from

the thermal production of hole-electron pairs. Since this current flows through the

base-emitter junction as well as the collector-base junction, it constitutes a base

current which is non-zero even with the base lead open-circuited. The total collec-

tor current under such conditions is then

I C = (_ + l)ICO

where/_is the common emitter forward current transfer ratio. If in addition a

base current I B is made to flow in the base lead, the total collector current becomes

I
I

I

IC = F(IB + ICO)+ ICO

Thermal runaway occurs when this current results in sufficient heating of the transis-

tor to raise ICO by the thermal generation of more minority charge carriers so

that 1C is raised, raising the temperature still further. Obviously, a measure of

the susceptibility of a transistor circuit to thermal runaway is the rate of change

I

I
I

I
I

I
I

of IC with ICO. Thus a stability factor

F = o

is defined and should be made as small as possible for good stability. Note that in

a so-called "fixed bias" circuit in which IB is a constant, F =/_+ l and is thus

very large for a high gain transistor. A fixed bias circuit is thus highly unstable,

and other circuits have been developed which essentially make IB depend on IC with

the aim of making the quantity (IB +Ico ) constant independent of ICO. Normally,

the resulting stability factor of unity is not achieved in practice as a large sacrifice

in stage gain usually results, but F --6 is commonly taken as a sufficiently small

value.
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Upon exposure of a transistor to radiation, it is likely that the radiant flux

will produce further hole-electron pairs. Let P be the probability of producing such

a pair per unit time. Then in time interval dr, Pdt minority charge carriers will

be produced resulting in an additional cutoff collector current

Irc 0 = eP

due to the radiation (where e is the electronic charge). The total collector current

with no base current will then be

IC = (_+ i) (ICO + Irco)

It is necessary to take this total cutoff collector current into account when designing

semiconductor systems for use in space. Sufficient cooling must be provided so

that the extra dissipation occasioned by this current does not result in an excessive

temperature rise, and transistor circuits must be designed so that the operating

point does not shift excessively in response to radiation exposure (i.e., attention

must be paid to having small stability factors), and, in the case of diodes, in which

IGo +Irc O represents an undesirable reverse current, it must be ascertained that

the circuits can tolerate the reverse currents which may arise in the expected radia-

tion levels.

It seems probable to the writers that problems such as the above are under

continuing study at N.A.S.A. and A.E.C. laboratories and by certain contractors.

Thus, as soon as an accurate idea of the quantity and character of the lunar surface

radiation flux has been developed, it will be possible to judge whether adequate

studies of existing devices in comparable fluxes have already been made, and if so,

to write component and shielding specifications forthwith. It would appear at present,

however, that some additional environmental testing will be required on account of

the unique radiation environment in which an analyzer stationed on the lunar surface

will be expected to operate for extended periods.
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ION SOURCES

l Electron Bombardment Sources

IA. Electron Bombardment Ionizers

The most widely used ion source in mass spectroscopy is the classi-

cal electron bombardment source (l). In this source the sample to be studied is

introduced in the gaseous phase and a fraction of it is ionized by a beam of elec-

trons of controlled energy. It has heretofore found application mainly in the

routine compositional analysis of gases, liquids, and solids which have vapor

-6
pressures of more than I0 tort at inlet system temperatures of up to about

300 ° C. However, this source may also be used with low vapor pressure materials

providing they are first vaporized. In fact two kinds of "source" are required -

a means of vaporizing the solid or liquid sample (the vaporizer) and a means of

ionizing the vapor (the ionizer). Sources such as the r-f spark perform both

functions simultaneously. If the "classical" electron bombardment source is to

be used_ a separate vaporizer is required.

Some means of vaporizing solids (crucible, arc-image, laser) are discussed

in later sections. The classical electron bombardment ionizers will not be dis-

cussed in detail as there are many thorough treatments in the literature. How-

ever_ some less-well-known electron bombardment source types deserve mention

in connection with the study of solids - these are sources which achieve ionization

efficiencies markedly higher than can be achieved with the "classical" source.

Mass discrimination occurs in any type of electron bombardment source;

but much data already exists on these discriminatory effects in the "classical"

EB source, and so calibration of such sources is reasonably straightforward.
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a. Quadrupole lens sources: C. Giese has constructed a quadrupole

lens that takes electrons from a large-area cathode and focuses them into a high-

intensity beam which intercepts the molecular beam to be studied (2). This

ionizer is likely to be useful in many types of studies in which a high efficiency

is essential because the molecular beam currents are very small, as they are

almost certain to be in the case of lunar crust analysis.

b. Oscillating electron sources: Several authors have described

electron bombardment ion sources in which a large increase in efficiency has

been achieved by greatly increasing the average path length of an ionizing electron

in the ion chamber. A source of this type described by H. Heil (3) is shown in

Figure 3. Another source of the same general type, the Finkelstein source (4)

is shown in Figure 4. In both sources, the combination of an axial magnetic

field and suitable filament and/or electron "trap" potentials causes the electrons

to describe spiral paths back and forth through the ionizing region many times

before they are lost to the walls. The fraction of gas atoms ionized in the source

is thereby greatly increased. The ions formed have, however, an energy spread

of several electron volts compared to the + 0. l eV sp'read achievable in the

classical electron bombardment ion source.

c. Weiss Source: Another type of high efficiency ion source has

recently been developed by R. Weiss ( 5 ) for use as a molecular beam ionizer.

In this source (Figure 5 ) electrical fields are so disposed as to form a virtual

cathode composed of electrons. The molecular beam passes longitudinally

through this electron cloud. The electron space charge is used to focus and

accelerate the positive ions produced. An ionization efficiency of I in 40 for an

argon molecular beam was achieved and efficiencies as high as 10_0 are expected

from an improved version. The energy spread is dependent on design parameters;

in the first model built it was of the order of 20 eV.
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(cont'd. on page 68)
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Figure 4. The ion bornbardnuent source used in the Nuclide

type DB-I spectrometer. The ion source is the Finkelstein

type, sirnilarto that described by Nielsen.
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iB. Vaporizers and Molecular Beam Sources

a. Electron bombardment vaporizers: Even refractory metals and

insulators can be vaporized by direct electron bombardment. Considerable

ionization naturally also occurs. The ions can be suppressed, if necessary, and

the neutrals passed into a separate ionization region. Alternativel_, the ions

could be analyzed directly if suitable account were taken of the effects of the

very high electron energies required. The electron beam has to be carefully

focused; a magnetic field is usually employed for this. Uakomskii ( 6 ) has

successfully demonstrated the use of a pulsed, accurately focused electron beam

for localized vaporization of ceramics and metals in a mass spectrometer ion

source. Fig. 6 shows a small commercial electron bombardment vaporizer.

I
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It might be expected that, with insulating samples in a very high

vacuum, difficulties would appear as a result of charge buildup on the sample

surface defocusing the electron beam. However, recent work (7) has shown

that this problem is rather easily overcome by using sufficiently strong beam

focusing. A small electron gun capable of vaporizing insulators such as glass and

I

I
I

quartz has been successfully operated. The main difficulties are the high power

consumption (several hundred watts of power are needed for samples in the O. I

gm range) and the problem of removing heat from the beam collector. It appears

likely that careful miniaturization could make possible a reduction in_ power con-

sumption to the point where at least intermittent operation could be achieved in

I
I

I
a lunar analyzer.

b. Laser source: Lasers have now been developed to the point where

they can be used to weld refractory metals and to drill small-diameter (0.0Z0")

holes, even in diamonds (8). Some of them provide means of very intensely

heating small sample areas in exceedingly short times. In the diamond experiment,

I
I
I

surface temperatures of 5500 ° C were reached.

(cont'd. on page 70)
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Pulsed lasers are available today which achieve light outputs above

ten million watts. Single pulses of duration as short as ten millionths of a second

and as long as one millisecond have been generated. Rather inexpensive devices

can deliver as much as 20 joules of energy, which, when delivered in such short

pulses, can vaporize a needle-sized hole through a piece of steel 1/32" thick.

The laser beam can be focused to a 10 micron spot, using rather primitive tech-

niques, and theoretically it should be possible to focus to a one micron spot.

Honig and Woolston (9) and Honig (I0) have reported on the use of

laser beams in conjunction with a mass spectrograph for the study of surfaces.

They, as well as Uichtman and Ready (ii), have observed laser-induced emission

of electrons, ions and neutral atoms. The ions are apparently produced by thermal

ionization. Neutral vapor species were detected by producing a low voltage arc

discharge in the laser vapor plume and causing electron bombardment ionization

to take place. Ion currents as large as 10 -5 amperes were obtained, leading in

some cases to space charge broadening of lines.

Presently available lasers have light outputs in the wave length range

of about 25,000 A ° to 7, 000 A °. Thus, they have equivalent energies of up to about

2 eV. If devices operating in the 2000 A ° region and below can be developed, they

will provide a means of direct photoionization in addition to vaporization and

surface ionization.

Compared to the arc-image, laser heating appears to offer better tem-

perature and location control, smaller spot areas, a more precise means of sampling

in depth, and a less cumbersome apparatus. The possibility of using the device for

"microprobe" studies appears to be very good.

c. Arc-linage: In arc-image heating, radiant energy is focused onto

the sample by a system of mirrors. Temperatures of up to 4000 ° K may be
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attained in spots of about one cm. in diameter (12). An electron-beam ionizer

is required for vapor analysis.

The advantages of arc-image heating are that high temperatures can

be achieved, contamination caused by an emitting filament is absent, non-conduc-

tors are easy to study, and the sample can be heated independently of its support.

There are some disadvantages of this type of heating: as material evaporates

the sampling point migrates and focusing may deteriorate, and thermodynamic

equilibrium is not achieved - instead, free evaporation occurs - but of course,

there is a class of experiments in which free evaporation is desirable. Still, the

arc-image technique seems to offer a means of vaporizing all known materials at

temperatures which can be made so high that element fractionation effects will

be minimal. The technique may be especially useful in trace constituent studies

of non-conductors, since the problem of contamination from the supporting metallic

electrodes which are used to make possible r-f spark-source investigations of

non-conductors ( 13 ), is absent with arc-image heating. Apparently, the

arc-image source was first formally suggested by Goldfinger ( 14 ). At least

two other laboratories are also investigating this type of source (15, 16 ).

Previous work on arc-image sources has mainly been done using

parabolic or spherical mirrors to focus radiated energy from an electric arc onto

the sample. Obviously an electric arc would have too high a power consumption

for use in a lunar analyzer. However, the absence of an atmosphere and the lower

gravitation forces on the moon suggest the possibility of imaging the sun's radiation

onto the sample material. Since the heating would effectively be carried out in a

vacuum, lower power concentrations would be required than is the case for solar

furnaces on the earth. A sun-seeking mirror would of course be necessary.
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d. Crucible: A crucible may be heated by any one of a variety of

techniques - ohmic heating, electron bombardment, r-f induction, or even focused

solar heating. It is then possible to study the molecules, atoms, and ions that are

produced as a function of temperature. The usefulness of crucible-type vapor

sources in trace constituent analysis is limited both because the inherent gas use

efficiency is low and because the crucible may be a source of contamination.

Nevertheless, in many cases, crucibles can be useful for such analyses. A

special and very useful feature of crucible sources is that they are capable of

delicate temperature control.

e. Knudsen cell source: Systems at equilibrium at high temperature

can be studied with a special type of crucible, the Knudsen effusion cell ( 17 ).

A modern Knudsen source is shown in Figure 7 An electron beam is used to

ionize neutral atoms and molecules emerging from the crucible. Equilibrium

studies with temperatures as high as 2700 ° K have been made with such sources.

Applications of the Knudsen cell technique in chemical physics have been discussed

by Inghram and Drowart (17).

At temperatures above approximately 2500 ° K, operation of heated-

crucible type sources becomes increasingly difficult. The reason for this are:

mechanical instability due to thermal weakening, excessive power demand due

to radiation losses, electrical breakdown due to pressure buildup caused by

heating, and temperature control problems occurring as heat shields begin to

radiate electrons. Above these temperatures it is desirable to employ other

methods of heating the sample.

2. The Ion Bombardment (Sputtering) Source

When a solid is subjected to ion bombardment, some material is

removed (or "sputtered") from its surface and, if the ion bombardment is con-

(cont'd. on page 74)
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tinued, from successively deeper layers of the bulk material. On the other hand,

many projectile ions penetrating the surface are "trapped", at least temporarily,

in the material.

The threshold energy for sputtering is dependent both on the nature

of the target material and on the mass of the bombarding ions; typically, it is

50 - i00 eV. Total sputtering yields (sputtered atoms/bombarding ion) have been

found (18) to vary systematically with the position of the element in the periodic

table. It has been postulated (18) that the more closely the collisions between

atoms in the lattice resemble hard-sphere collisions, the higher the sputtering

efficiency, and that collisions in Cu, Ag, and Au most closely resemble hard-

sphere collisions.

The sputtering process produces ions as well as atoms. But it is

only recently, through the use of mass spectrometers, that the sputtered ions have

been studied. Mass spectrometers with ion bombardment sources have been

described by several authors; Honig (19), Bradley (20), Beske (2_), R. Herzog

( 22 ), Stanton (23), Smith, Marshall, Cambey and Michael (24), Kerr (25),

and Liebl and R. Herzog (26).

Honig reports that for ion bombardment as well as for thermionic

emission the gangmuir-Saha relations give the probability of a given particle

leaving the surface as either an ion or a neutral. However, in the bombardment

case, the temperature of the surface, T, may be taken to be a very high, localized

temperature of the order of 30,000 ° K. This predicts, and it is observed, that

there will be variations in ionization efficiency from element to element, but

that some elements not ionized appreciably by the thermionic filament technique

(3000 ° K max) will be ionized appreciably by ion bombardment.

Although the "temperature" in the region of bombarding particle-sur-

face atom interactions is above 10,000 ° K, the quantity of heat delivered to the
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specimen as a whole is very small, so that the overall temperature rise of the

target can be kept well below one degree. Thus it would be possible with the ion

bombardment source to study surface coatings and substances which decompose

at elevated temperatures. It would also be possible to cool the target and study

substances unstable at room temperature. If inert gas is used for the bombarding

ion beam, the results are not complicated by chemical reactions between the bom-

barding ions and the target material.

Bradley (2 0), among others, reports wide variations in ion yield for

a given element as a function of time and/or specimen temperature. This com-

plexity of ion formation, as well as high discrimination among elements, leads

one to the conclusion that study of the neutral sputtered atoms holds more promise

as a chemical analysis technique than the study of the sputtered ions. For this

reason the authors, among others_ have used a "second" source containing an

electron gun, to ionize neutrals sputtered from the target.

These ions are then analyzed in the same manner as the secondary ions. A

schematic diagram of a source arrangement of this type used in an instrument

described by Smith et al (24) is shown in Figure 4

Figure 8 illustrates the kind of information that can be obtained from

the analysis of sputtered ion beams, This spectrum and the spectrum shown in

Figure 9 were obtained with the source arrangement shown in Figure 4 . The

mass resolving system used was a6" radius, 60 ° deflection magnetic analyzer.*

The sample was O.F.H.C. copper, held in an inconel holder, which in this case

was also sputtered. The spectrum shows three classes of peaks: (1) ions

principally formed by surface ionization (Na, K, etc.), (2) re-ionized bombarding

*Nuclide type DB-I

(cont'd. on page 78)
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Fig, 9

Spectrum of neutral particles sputtered'from Cu

target. Gas background spectrum suppressed by
use of synchronous detector system; sputtered

ion spectrum suppressed by maintaining target

at negative potential with respect to second ion

source. Same instrument used as for Figure 8.
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gas (argon) ions, and (3) ions formed at least in part by a sputtering process

(Cu, Fe, Cr, Ni). The sputtered ions are identified by their long high-mass "tails"

and slight displacement in mass, both of which result from their distribution in

energy at formation.

If the analysis is confined to the sputtered neutral atoms, a large part

of the discrimination between elements is eliminated. It is not yet possible to

state what fractionation remains, but it is thought to be smaller than for the ions.

The neutrals may be analyzed without excessive interference from the sputtered

positive ions by placing the target at a suitable negative potential with respect

to the second ion source. However, as the sputtered neutrals are travelling with

velocities corresponding to several electron volts, it is necessary to use high

electron currents in the second source to obtain reasonable ionization efficiencies.

To keep the background peaks at a tolerable level, it is also necessary either to

reduce the background pressure to a very low level or to discriminate against

the background peaks in some fashion so that they will not appear in the final

spectrum. The severity of this problem is much greater with this type of source

than with other solid sources. In an r-f spark source, it is reported that a back-

ground pressure of 10 -6 tort of argon gives a peak equivalent in height to an

impurity present in the sample of 1 ppm, whereas in this source the pressure

would have to be reduced to about 10-14 tort to keep the background peaks down

to the same relative value. In the case of a lunar analyzer, the background gas

pressure would almost certainly be sufficiently low for the main sample constituents

to be unobscured. Fortunately, in the sputtering source it is possible to discriminate

satisfactorily against the background peaks by using a synchronous source-detector

system (24, 27). Figure 9 shows an example of results obtained with this type of

system.
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Presently, it is not possible to state definitely the capabilities of the

sputtering source for complete compositional analysis. It is felt, however, that,

provided a velocity focusing (quadrupole, monopole or double-focusing magnetic)

analyzer equipped with a synchronous detector is used, and only the sputtered

neutrals are analyzed, this type of source may prove to be exceedingly useful

for certain problems in the al_alysis of solids, especially for studies of surface

layers.

Castaing (28 I has reported on results obtained with an ion bombardment

microprobe mass spectrometer system in which positive ions sputtered from the

target surface are mass analyzed and focused so that a mass map of the target

surface is produced. Preliminary results indicate that this technique is capable

of about 10 times the spatial resolution of the well known electron microprobe

X-ray analyzer technique. It also has the additional advantage that it is applicable

to all elements. It has already been applied to analysis for AI, Mg, Si, Be, Cu and

Ni. Depth resolution is of the order of a few millimicrons. Unfortunately, the

complicated ion optical design makes it difficult to see how the equipment could

be successfully miniaturized for lunar use.

3. The R-F Spark

The compositional analysis of solids by mass spectroscopy has until

now been achieved principally by adaptation to this purpose of a type of instrument

developed in the 1930s for the determination of atomic mass (29). In such "analyt-

ical mass spectrographs" a radio-frequency spark is used to vaporize and ionize

the sample_ a double-focusing ion-optical system is used for ion analysis, and

a photographic plate is used to collect simultaneously and permanently record

all the separated ion beams present throughout an extensive mass range, some-

times as great as mass M to 40 M.
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The r-f spark source (30)utilizes two electrodes separated by a short

gap. The spark is produced across the electrode gap by a pulsed r-f supply

capable of delivering above i00,000 volts. The physical mechanism of the spark

is not clearly understood. It has been suggested (31) that the spark is initiated by

field emission. The resulting electron currents vaporize the electrodes, and the

vapor is ionized by electron bombardment. The effective temperature of the

spark is extremely high, 50,000 ° K (32). Under these conditions, differences in

ionization efficiency from element to element are reduced markedly (see Table i)

in comparison to the differences encountered with some other kinds of ion

sources (33).

In addition to singly-charged ions (both positive and negative), multiply

charged positive ions and ionized atom and molecule clusters are produced by such

a source. Thus, since most elements have isotopes, quite a complicated mass

spectrum is obtained from the r-f spark. This is a useful characteristic for mass

determinations but, for chemical analysis of inorganics a simpler spectrum con-

sisting only of singly-charged ions would, in general, be preferred.

The r-f spark source also ionizes any gases present in the source

region. Thus a hydrocarbon spectrum with peaks at nearly every mass number,

and several at some mass numbers, may be produced from the residual gases

if the source is not very thoroughly outgassed. The problem of dealing with inter-

ferences between metal and hydrocarbon lines and between metal lines has been

discussed recently by several authors (34, 35 ).

The energy spread of the ions leaving an r-f spark is high, N 1000

eV (36). This makes it necessary to use a mass spectroscope equipped with an

electrostatic energy "filter" to analyze the ions it produces.

As the r-f spark source operates only intermittently, the detection
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system used must either integrate the collected charge, or else be able to cope

with large, rapid intensity variations. Atypical ion current output level with

such a source is I0 -II amperes (average).

The results obtained with this type of source are impressive. It has

been used successfully for the analysis of metals, semiconductors, insulators,

liquids and powders, and part per billion (atomic) impurities have been detected

in favorable cases.

4. The DG "Hot Spark" Source

Another source first tested by Dempster was the d.c. "hot spark"

(37). In this source, the two electrodes are stationary. One is held at a con-

stant potential while the potential of the other is increased as charge is fed to

a condenser connected across the electrodes. When the potential becomes high

enough, there is a spark breakdown. The condenser is thereby discharged, and

another spark does not take place until the voltage difference has again built up

to the necessary level.

The "hot spark" source seems to offer some of the same advantages

for analytical work that the vibrator has, plus the advantage of being stationary.

In additions it affords an opportunity for some simplification: it is perhaps

possible to use the same d.c. high voltage supply both for ion acceleration and

to power the spark. At this time there is not enough information available to

assess its potential for compositional analysis. However, since several groups

are presently investigating this type of source, better information should be

available soon.

5. Arc Sources

Operators of present r-f spark source instruments avoid long spark

durations and rapid repetition rates in order to avoid overheating of electrodes
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and resultant "arc-like" operation of the source. It is reported that when this

occurs, large fractionation of elements results; and this is, of course, a dis-

advantage for routine analysis (38 ). However, an arc can be operated con-

tinuously, and produce copious vaporization and ionization. Further, its power

supply is trivial compared to that of the r-f spark, and it does not cause elec-

trical interference to the notorious extent of which the r-f spark is capable.

The literature of mass spectroscopy contains many descriptions of

"arc" sources which produce strong ion beams; these have been used especially

in isotope separators. Some of them hold promise for solids analysis also. In

the "self sputtering" source developed by Druaux and Bernas (39) a discharge

is initiated by gas (e.g., argon) bombardment, as in a sputtering source. The

sample is inserted into the plasma and set at a negative potential of a few

hundred volts. Atoms are liberated from the sample probe by sputtering and

ionized by plasma and primary electrons. Ion currents of 10 - 20 mA and

sample/(sample + bombarding gas) ion ratios of approximately 0. l have been

achieved for elements of the platinum group. The sputtering chamber must be

at a pressure of about 10-3 torr in order to operate.

6. The Thermionic (Surface Ionization) Source

A major reason for the widespread use of the r-f spark source is

that it is not very selective; it ionizes all elements equally well, at least within

a factor of ten (40, 41). But in some studies, ion source selectivity

may be an advantage.

Surface ionization is a highly selective ionization technique that dates

back to Dempster's earliest work in 1918 (42).. The ions produced by the "therm-

ionic" process are singly-charged and essentially monoenergetic. Surface ioni-

zation sources can yield steady ion currents of 10 -9 A or more, from microgram-
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size samples of elements of low ionization potential, for many hours or days.

Although the total "selectivity range" of the thermionic source for

all elements is well beyond 106., its material-use efficiency is so good that it

can be used for isotopic analysis or concentration determinations with 10 -9 to

10 -12 gram samples even of poorly-ionizeable elements such as uranium and

plutonium. In fact, White et al report a successful analysis of 10 -19 grams

using as a detector a nuclear track plate (described below). With multiple-fila-

ment thermionic sources, it is possible to achieve analytically useful positive-ion

ionization efficiencies for some 50 elements. They have the advantage of being

very inefficient ionizers of hydrocarbons and of background gas.

A common thermionic source filament assembly has three filaments

forming a three-sided box. The unpaired ribbon is the ionization filament and

the pair at right angles to it are for sample vaporization; thus one independent

control of the temperatures of vaporization and ionization. In this source the

filaments are of .001" ribbon, .020" or .030" wide, fabricated of W, Ta, Pt,

Re_ or Mo. This "triple-filament" source was first described by Inghram and

Chupka (43).

Several other configurations of vaporizers and ionizers have also

proven useful_ including flat single-filaments (44), single filaments on which

vaporization and ionization take place at different points (45 ), canoe-shaped

i

filaments (_46), double filaments (47), hollow tubes ( 48 )_ filaments doped with

*The ionization efficiency is given by the Langmuir-Saha equations, I+ /I° =

exp (e(W-I/kT) and I-/I°= exp (e(A-W/kT) where I+ , I°, and I- are respectively

the predicted numbers bf positiVe, neutral and negative particles; W is the work

function of the surface (in eV),, I is the first ionization potential of the element,

A is the electron affinity (in eV), e is the electronic charge, k = Boltzmann's

constant and T = the temperature of the emitting surface. The first ionization

potentials of the elements range from 24.5 eV for He to 3.9 eV for Cs while

commonly used substrates have work functions of up to about 6.5 eV.
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sugar (49) or deposited platinum (50) or sintered Ta-TaO (.51), as well as

filaments operated in an environment of gaseous hydrocarbons ( 49 ). Continuous-

ly-oxygenated ionizing filaments have also been used and shown to greatly enhance

the emitted ion intensity of some elements. Hintenberger (47), Deines and

Herzog (unpublished), and Hickam and Sweeney ( 57 ) have used a thermionic

source to produce both positive and negative ions. It is to be expected that in

the future more and more applications in the study of solids will be developed

for this simple, inexpensive and useful source.

7. Field Emission Sources

Point emitters with fields of 107 to 109 volts/cm at the tip can also

be used as ion sources (53, 541). The in_ense electrostatic fields cause adsorbed

molecules to desorb as ions. Ionization can also occur when molecules in the

gas phase pass very close to the tip, but do not actually strike its surface.

Field emission ion sources have been used to ionize gases and organic

vapors by Gomer and Inghram (55) and by Beckey (56, 57). The point emitter

source has the useful property of giving a simple spect;um, consisting often

only of the "parent" peak, when used for analyzing organic vapors. An acetone

spectrum given by Gomer (58) shows a single major peak and one minor peak,

compared with 18 peaks for the equivalent spectrum obtained by electron bom-

bardment ionization. Possible applications of field emission to the analysis of

non-volatile organic compounds have been suggested by Beynon (59).

There have as yet been few applications of point emitter sources to

solids analysis. In one, lonov (60) reports that field-enhanced thermionic emis-

sion made it possible to obtain useful ion production from a surface ionization

source operating at temperatures as low as 50 ° C. At higher temperatures, a

combination of field and thermionic emission would presumably allow analysis

of a wide range of elements even when present in non-conducting compounds,

as is expected to be the case in the lunar crust.
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A major disadvantage of a single point emitter as a field emission

ion source is that _t yields only a small, unstable ion current. This drawback

can be partially overcome by using arrays of point emitters and by employing

ion optical systems which focus a large fraction of the total ion emission into

the analyzer (571. Deterioration of the points and unwanted reactions with

adsorbed water are additional disadvantages. Recent work (61,62) suggests,

however, that useful improvements in ion current stability and in intensity may

be possible if very fine wires or sharp edges are used instead of point emitters.

The main advantages of the field emission source are simplicity,

compactness, absence of hot surfaces, low power consumption, and comparative-

ly simple mass spectra.

8. ]Exploding Wire

When sufficient power is supplied to a small wire from a source such

as a simple condenser, the wire is quickly vaporized. The applied voltage causes

an intense gas discharge, and thus aplasma is formed. Power dissipations of

106 to 108 watts with instantaneous currents of about 103 A are required. The

total time involved is of the order of 10 -5 seconds (63). Plumlee (64) has sug-

gested the trial of this technique in a mass spectrometer ion source, so that

its effectiveness for analyzing conducting materials could be evaluated. More

important to the development of techniques for analyzing lunar materials, how-

ever, was the discovery of geigh (65) that insulating materials could also be

analyzed by coating them onto the wire surface so that they were immersed in

the exploding-wire plasma.

geigh has reported the results of experiments in which molecular

beams emitted from exploding wires and from coatings on exploding wires were

analyzed by a time-of-flight mass spectrometer. The ion source was pulsed in
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synchronism with the application of voltage to the wire. The resulting mass spec-

tra showed peaks corresponding to molecules from the wire, from the coatings

on the wire, and from background gases.

Tests recently begun by one of the authors suggest a modified approach

to the problem of solids analysis with the exploding wire. A special time-of-

flight mass spectrometer and display system (66) are used, operating at a

pulse repetition frequency of 100 - 200 Kc/s. The wire is first heated to several

hundred degrees centigrade until most of the surface contamination is removed.

The wire is then vaporized over a period of 20 - 100 microseconds, the changing

composition of the molecular beam being recorded continuously. The wire is

thus used as an efficient high-temperature sample heater rather then as a source

of material for a plasma discharge. Present results suggest the possibility that,

in this way, contributions 'of molecules originating from layers on the wire sur-

face can more easily be distinguished from:those emitted from the wire itself.

The exploding wire source is simple and has the advantage of ac-

complishing total vaporization. Its application is limited, however, because

vaporization occurs in a very short time and under rapidly-changing conditions,

making it necessary to use either an integrating detector (such as a photographic

plate) or a very fast-scanning analyzer Such as a time-of-flight mass spectrometer.
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CHOICE OF AN ION SOURCE FOR A LUNAR ANALYZER

i

i

Desirable features are low power consumption, light weight, ruggedness,

ability to ionize solids (and gases) without excessive element discrimination, minimum

production of RF interference, and a minimum energy scatter in the ions produced.

i
No single type of ion source meets these specifications as well as could

be desired; compromise is therefore necessary. Sources which come nearest to

I

I

I
I
I
i

meeting the desired specifications are

a) the electron bombardment ionizing type with either electron

beam, Easer or Solar Image vaporization

b) ion bombardment sputtering types, preferably with provision

for ionizing neutrals

c) the R.F. Spark

d) Arc Source

The other types of source which have been studied can be eliminated from

serious consideration at this point on the grounds of unduly short operating times

(Exploding Wire)_ insufficient existing knowledge and difficulty of preparing and

I

I
I

loading sample in a suitable form (Field Emission), excessive discrimination

between elements (Thermionic) and lack of suitability for analysis of insulators

combined with insufficient existing knowledge (DC "Hot Spark").

Advantages and disadvantages of the sources which come nearest to meeting

the desired specifications are summarized in Table 5.

I

I

The conclusion of this survey is that the most desirable ion sources for

the proposed lunar analyzer seem to be, in order of preference,

i. Electron I_ombardment Ionizer with Electron

Bombardment Vaporizer

i

i

2. Electron Bombardment Ionizer with Laser Vaporizer

3. Ion Bombardment Sputtering Source

It is suggested that at least the first two of these, and preferably all three,,

I be further investigated before a final commitment to any one type is made.
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MASS ANALYZERS

I

I
This chapter summarizes the possible techniques for mass analysis of ions

in a lunar mass spectrometer. Methods of producing ion beams for injection into

the analyzing region have been described in the previous chapter. Methods of

I

I
detecting ions after analysis will be discussed in the succeeding chapter.

The various types of mass analyzers can be divided into the following classi-

fications:

I.

II.

Nonmagnetic Mass Analyzers

Magnetic Mass Analyzers {.Usable only with Monoenergetic

I
I

I
Ion Beams)

IIIA. Mass Analyzers with Separate Electric and Magnetic Fields
I

i °

IIIB. Mass Analyzers with Superimposed Electric and Magnetic Fields

IV. Mass Analyzers requiring neither Electric nor Magnetic Fields

I. Non-Magnetic Mass Analyzers

The Quadrupole, Monopole and Fischer Mass Filters

I
I

I
iA. Quadrupole

The quadrupole mass spectrometer was first described by Paul and

Steinwedel ( i ). A more detailed paper by Paul and Raether followed (2).

The analyzer section consists of four rods positioned and interconnected

as in Fig. i0. To the pairs of rods are applied potentials as follows:

v x = u+ v cos wt (1)

Vy = - v (z)

where V is the amplitude of an RF sine wave and U is a superimposed DC voltage.

Theoretically, the rods should have a hyperbolic cross-section, but

in practice rods with a circular cross-section can be used with good results. In

I

I

I
I
I
I

such cases, Rro d is usually made approximately 1.16 Ro.

(cont'd. on page 92)
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When the equations of motion for an ion entering the quadrupole field

are analyzed, it can be shown that ion trajectories may be either stable or unstable

according to the ionic mass. This can be represented with the aid of a stability

diagram (Figure 1 1). Along the x and y axes are plotted quantities a and q such

I

I
I

I
that

and

v (3)
q=K 1

w2m

u (4)
a = K 2 w2m

where K 1 and K 2 are constants for a given quadrupole analyzer and m is the

ionic mass. Singly-charged ions are assumed.

U
It can be seen from Fig. 2 that if the ratio _- is kept constant, then

a must be constant and can be represented as a straight line such as OY. At a suit-
q

able operating frequency, the operating point will be near O for ions with high masses;

for ions with light masses the operating point will be in the region of Y. These

light and heavy ions will be unstable and will not pass the analyzer. For a narrow

range of masses corresponding to KL, the ions are stable and can pass through the

I
I

I
I

I
I

I
quadrupole analyzer to a suitable detector. To tune to heavier masses, the

frequency w can be decreased; to tune to lighter masses, the frequency can be

increased. Alternatively, U and V can be varied together while maintaining a

suitable ratio U/V. Wide-range tuning is usually carried out by a combination of

these methods.

I

I

I
A photograph of an experimental quadrupole analyzer, with ion source

attached, is shown in Fig. 12. Rod length is 25 cm. and Resolving Power

approximately 50 (3).

The quadrupole has two important advantages over conventional mag-

netic mass analyzers:

I
I

I
i. Initial ion energy has no direct effect on mass indications

(cont'd. on page 95)
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Fig. 1 2. Experimental quadrupole Mass Spectrometer
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(although it may affect transmission). The analyzer is therefore velocity focusing

and can be used with ion sources which give ion energy scatter.

2. There is no magnetic field.

The follo,wing disadvantages must also be considered, however:

I
i. Construction must be such that rod alignment is kept to

quite close tolerances. There is general agreement that, with rods l0 to 25 cm.

I

I

I

long, displacement of any one rod by more than a few thousandths of an inch may

noticeably affect the performance.

2. Peaks are generally not flat-topped, which makes it more

difficult to measure amplitudes accurately.

3. Simultaneousl measurement of different mass peaks is not

I
I

I

possible by any simple method.

iB. Monopole

It has been pointed out by yon Zahn ( 4 ) that it is possible to produce

any one of the four quadrants of the field of a quadrupole mass analyzer by means

of a single rod and a right-angled grounded electrode, as in Fig. 13 . A monopole

I

I
I

mass analyzer based on this principle has been built and successfully tested by von

Zahn. The very promising results obtained suggest that the monopole deserves close

attention, particularly for potential space applications.

As might be expected, the operation of a monopole mass analyzer is

similar in most respects to that of a quadrupole analyzer. Mass sweeping is

I

I
I

achieved by varying either the RF frequency or the amplitude of U and V The

monopole shares the advantages of being non-magnetic and of being insensitive to

ion energy variations, and the disadvantage (common to almost all non-magnetic

mass analyzers) of not normally giving a flat-topped mass peak.

The monopole has been shown by von Zahn (4) to have two very

I

I

important advantages over the quadrupole:

(cont'd. on page 97)
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i. The necessary stability of the ratio U/V is much

reduced, so that less elaborate power supplies are needed.

2. Actual spatial separation of ions of different masses takes

place, so that multiple collection is possible by means of collectors placed along

I
I

I

the grounded electrode.

In addition, it appears that the layout is such that it would be much easier

to achieve accurate positioning and rigidity of the analyzer electrodes than with a

quadrupole.

An experimental and theoretical study of the monopole has recently

I
I
I

been carried out by Redhead (5) at the National Research Council of Canada.

This work has confirmed that the requirements of electrical stability for given per-

formance are substantially reduced in the monopole as compared to the quadrupole.

It appears that resolving power can be approximately doubled by changing from a

quadrupole system to a rnonopole system of comparable size and complexity.

An example of one of von Zahn's monopole spectra showing a resolving

power of 470 is given in Fig. 14.

I

I

I

IC. Fischer Mass Filter

This instrument appears to have been first described in the scientific

literature in 1959 by Fischer, although a 1960 patent for a similar device has been

assigned to Paul and Steinwedel.

The analyzer is a very compact arrangement of three electrodes, each

I

I
I

I
I

part of a hyperboloid of revolution. Stable ions are not intercepted; they circulate

continuously near the axis of the device and can be detected by measuring the in-

ductive load presented to an externala, c. source. Unstable ions are lost by

collision with the electrodes. The device can be quite sensitive. A unit of this type

at CERN is said to have detected oscillating groups of only 50 electrons, and Paul

( 6 ) has detected a total of 104 oscillating resonant ions in a unit 5 ca. in diameter.

(cont'd. on page 99)
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There is no known work being carried out in this country on the Fischer

mass analyzer. Its compactness and high sensitivity suggest that further investiga-

tions would be justified.

2. Pulsed Time-of-Flight Mass Spectrometers

2A. Types with externally pulsed ion sources

In the simplest type of time-of-flight mass spectrometer, the ion source

is pulsed on for very short periods (typically about 0. l_ sec) in each cycle of opera-

tion (typically lasting about 20 - 100/usec). The ions are injected into a drift tube

with identical energies. Because the time taken for an ion to traverse the drift tube

is proportional to the square root of the ionic mass_harge ratio, the fluctuating

signals received by a detector monnted at the end of the drift tube represent the

mass spectrum of the ions emerging from the source. An instrument of this type

was described by Stephens (7). An improved version, with ions injected into the

drift tube with constant momentum instead of constant energy, was described by

Woolf and Stephens (8).

The simple time-of-flight mass spectrometer has a very low duty

ratio (typically 0.001 to 0.005, as mentioned above) and is therefore very insensi-

tive. Much higher sensitivity was achieved by Wilson (9) who introduced an inten-

tional energy distribution to bunch together ions of a given mass leaving the source

at different times. This system gives perfect bunching for only one mass at any

given time.

Interest in the time-of-flight mass spectrometer increased greatly as

a result of the development of the two-field ion source by Wiley and McLaren (i0).

This gives the ions an intentional energy distribution to correct for the different

initial positions of the ions at the beginning 0f the source ion extraction pulse.

The duty ratio remained fairly low in the original versions of this source. More

recently, however, it has been shown that ions can be stored in these sources for
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relatively long periods (several microseconds) before being pulsed out into the

drift tube. The effective duty ratio can be raised by this and other methods to

about 0. I, and the minimum detectable partial pressure reduced accordingly to

less than 10-12 torr (ii).

A schematic of a Bendix time-0f-flight mass spectrometer is shown

in Fig. 15.

The layout of a small, sensitive time-of-flight mass spectrometer

developed at Nuclide is shown in Figure 16. An electrostatic electron beam lens

removes the need for asource magnet, and a modified venetian-blind electron

I

I
I

I
I

I
I

multiplier removes the need for a magnetic field at the detector end. This instru-

ment is therefore one of the few types of truly non-magnetic mass spectrometers.

The drift path is at ground potential, and the ion energy is only a few hundred volts.

A mass spectrum taken with this instrument at a total pressure of 7 x 10 -9 torr

is shown in Fig. 17.

I

I

I
For lunar applications the time-of-flight mass spectrometer has the

advantage of being operable without magnetic fields and of being quite non-critical

as to alignment. In tests, it has been shown that structural deformations which

are obvious even in a casual inspection often do not completely prevent usable

results from being obtained. For a given analyzer size, the time-of-flight

instrument appears to give substantially inferior performance relative to a quad-

rupole, and even more so relative to the monopole analyzer. Kinetic energy

scatter of the ions must be kept low, except for the energy variations which are

intentionally introduced to achieve space-time focusing effects.

2B. The Coincidence Mass Spectrometer

A special type of time-of-flight mass spectrometer has been developed

by Rosenstock (12) in which the detection system is triggered only by the detection

I
I

I
of a secondary electron produced in the source. Because such secondaries are

(cont'd. on page 104)
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Fig. 17. Background gases at total pressure of 7 x 10-9 torr,

by miniature time-of-flight mass spectrometer.

i
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produced when positive ions are formed, the detector can be gated "on" only

when an ion is on its way through the drift space. For extremely low sample

pressuresinthe ion source, this affords a useful increase in detection sensitivity.

Fig. 18 shows the arrangement of a typical coincidence mass spec-

i
I

I

I
trometer. The primary electron beam is continuous. Secondary electrons formed

during ionizing collisions between primary electrons and gas molecules trigger

the oscilloscope. When the corresponding ion arrives at the detector, after a flight

time dependent on the ionic mass/charge ratio, a peak is traced on the oscilloscope

display. Operation is therefore similar to that of a conventional time-of-flight

I
I

I
mass spectrometer, except that in general there is only one ion per operating

cycle.

In practice both detectors are electron multipliers. The ion source is

normally of the Wiley and Mcgaren two-field type which gives useful space/time

focusing.

I

I
I

The simple display system shown in Fig. 18 would have two important

disadvantages: -

I. If several ions were in flight at one time, only the leading ion would give

a peak at the correct position on the display. The other ions would have been formed

after the oscilloscope sweep had started. These would give peaks at incorrect

positions on the display.

currents.

This noise level could become severe at the higher ion

2. Peak heights would not indicate relative partial pressures. Indicated

peak height would be determined only by the gain of the multiplier, and would

represent the amplitude of a single ion count rather than the frequency of ion

count s.

By operating at very low total ion currents, usually in the range 500 - I000

ions/second, the first of the two disadvantages mentioned above can be eliminated.

(cont'd. on page I06)
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The need for such low currents removes many of the advantages which this type

of instrument would otherwise have for normal analytical work. Nevertheless,

for the analysis of gases at very low total pressures (e.g., below 10 -12 torr)

where all types of analyzers necessarily operate at very low total ion currents, the

I

I
I

I
coincidence mass spectrometer appears to have interesting potentialities.

In order to measure partial pressures, the number of ions collected at

different masses must be averaged over a large number of operating cycles. A

I0 part-per-million constituent may give rise to only 1 ion in a period of 1 to 2

minutes, so that even a semiquantitative measurement of its concentration may

I
I

I
take up to an hour of continuous operation and information storage.

The coincidence mass spectrometer, like other time-of-flight instruments,

requires that the molecules from which the ions are formed should have a fairly

low energy scatter. Larger energy variations can, of course, be tolerated if

suitable energy filtering is carried out either before the ions are formed or before

the ion beam reaches the detector.

3. Other Non-Magnetic Mass Spectrometers

Linear radio-frequency mass spectrometers have been used widely in upper

atmosphere research. The radio frequency voltages are applied to a series of

electrodes spaced along a flight tube. ions having a transit time between field

regions which corresponds to the electrical phase difference between field regions

are able to gain more energy than non-resonant ions. A high-pass energy filter

I

I
I

then allows collection of only those ions which have gained a maximum of energy.

Versions devised by Bennett (13) and Redhead (_4) are well known. A decelerating

electrode system was used by Donner (15). It is difficult to obtain resolving power

exceeding about 50, and the sensitivity varies considerably with small changes in

ion energy. Figure 19 shows a linear RF mass spectrometer with evenly spaced

I

I
I

grids, developed by Redhead.

(cont'd. on page 108)
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Linear oscillator mass spectrometers such as the Farvitron (16), Palletron

(17) and ion reflecting types (18) have been demonstrated, but do not appear to offer

any special advantages except perhaps where extremely small size is essential and

where low resolving power can be tolerated. Similar comments apply to the constant-

momentum spectrometers such as that suggested by Hipple (I_ in which ion energy

gain is used as an indication of ionic mass.

Rotating field mass spectrometers of various kinds have been developed. In

one version, ions are injected along the axis of a tube having helical electrodes to

which an RF voltage is applied. Ions having a velocity corresponding to the product

of the frequency and the pitch of the helices gain maximum radial velocity. The

collector is in the form of a ring. In another type (20), the ions move successively

through two rotating fields with known phase difference. Flight times and phase

differences between the fields determine the radial displacement of ions from the

center of a circular collector. The mass spectrum is in the form of concentric

rings. These instruments are mostly of low performance, with their main advan-

tage being a comparative lack of sensitivity to small geometrical misalignments.

II. Magnetic Mass Analyzers

(Usable only with Mono-energetic Ion Beams)

Most presently envisioned lunar probe "packages" include a magnetometer

for measuring the very weak lunar magnetic field. This imposes a stringent

restriction on all other apparatus included in the same mission: the stray fields

from such equipment must be very small. Thus magnetic mass spectrometer

analyzers, which utilize strong magnets, and in fact all analyzers utilizing source

magnets, magnetic electron multipliers, etc., are at a considerable disadvantage

for this application because they would require elaborate magnetic shielding

(except perhaps in the case of some multiple-field configurations in which the stray

I
I

I

I
I
I
I

I
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fields cancel out at a distance from the analyzer). Of course, if the mass spectrom-

eter and magnetometer are sent to the Moon on separate missions this problem

does not arise and this disadvantage of magnetic mass spectrometers disappears.

And this is a plan of operation that merits consideration because magnetic analyzers

are presently perhaps the most highly developed class of mass spectrometers:

I. The homogeneous sector-field mass spectrometer is widely used. A 180 °

type with source and collector immersed in the magnetic field was described by

Dempster (21). The forerunner of many present-day commercial instruments was

the 60 ° sector-field mass spectrometer developed by Nier (22) and shown in

Figure 20. A similar instrument with 90 ° sector angle was used by Hipple (23).

(cont'd. on page Ill)
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Kerwin (24) has described a system with 90 ° sector field and 60 ° deflection angle

which provides third-order direction focusing.

An advantage of these sector-field instruments is the large amount of effort

which has been devoted to investigating their operation under various conditions.

It is probably true to say that their operation is more completely understood than

is the case for any other mass analyzer.

Successive sector field analyzers (25) have advantages where high abundance

sensitivity is needed, and can be arranged so that the successive fields cancel

out in at least two directions. Maintaining the two fields in synchronism is

difficult, however, especially when permanent magnets are employed.

Very high sensitivity can be achieved with a variant in which the analyzer

field is shaped so that parallel ion beams from a large planar source are focused

at the collector (26).

2. Other Magnetic Analyzers

Various magnetic mass filters are known such as the circularly sym-

metrical filter described by Ewald (27) with a ring-shaped field and the filters

described by von irdenne (28). Although of high sensitivity because of the size

of the ion source and the absence of slits, their resolving power is much inferior

to that of more conventional instruments.

A helical-path analyzer described by Goudsmit (29) uses a time-of-flight

principle for mass determination.

IIIA. Mass Analyzers with Separate Electric and Magnetic Fields

I. First Order Double Focus (direction and velocity)

A large number of combinations of radial electrostatic energy selectors

combined with magnetic sector momentum selectors have been described. A

survey of various types is given by Inghram and Hayden (30). The double focusing
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feature is obviously of great importance, making it possible to use ion sources

I

I
such as the RF types which give an inhomogeneous ion beam energy. The field

arrangement used by Nier (31)in a flyable mass spectrometer is shown in Fig. 21..

2. Other types

I

I
A first order velocity focusing (but not direction focusing) instrument was

developed by Aston (32). Grossed radial electrostatic and homogeneous circular
I

magnetic fields were used, giving opposite deflections. This instrument is usually

considered to have been the first general purpose mass spectrograph. The field

arrangement is not used in modern apparatus because of the poor sensitivity and

I

I
only moderate resolution, resulting from the absence of direction focusing.

In order to cope with ion beams having a large energy scatter, the Wien
I

velocity filter (crossed superimposed electrostatic and magnetic fields) has been

used on 180°and 60 ° magnetic sector-field momentum selectors (33, 34).

IIIB. Mass Analyzers with Superimposed Electric and Magnetic Fields

i. Analyzers with crossed homogeneous fields

The Trochotron or cycloidal mass spectrometer (35) has crossed homogeneous

electrostatic and magnetic fields. The ion trajectory is cycloidal. Normal deflec-

tion angle is 360 ° although multiple-orbit systems have been used. A very

important advantage is the perfect direction and velocity focusing available with

this configuration. A disadvantage is the difficulty of building an electron multiplier

I
I

I
capable of operating satisfactorily in the large varying magnetic fields near the

collector region, or alternatively of extracting the ion beams for detection in an

external electron multiplier. Possibly a Daly-type detector would be useful in

this application. Figure 22 shows a typical TrochQtron layout.

If a homogeneous ion beam energy is assured, the Wien velocity filter

I

I
I

(crossed superimposed electrostatic and magnetic fields giving equal and opposite

(cont'd. on page 115)
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deflections) can be used as a mass analyzer, passing only those ions with a pre-

determined velocity. Such apparatus has been described by Bleakney (36) and

by Oliphant (37).

2. Parabola Mass Spectrograph

I

I
I

I

Parallel electrostatic and magnetic fields give a parabolic image of a point

source (38). Sensitivity is poor (because of the need for the point source). How-

ever, instruments of this kind are still occasionally encountered. The distributed

image makes it difficult to arrange a detector system suitable for use over a wide

mass range.

3. Types with crossed magnetic and alternating electrical fields

The Ornegatron (39) has a central ion source and a homogeneous axial magnetic

I
I
I
I

I

I

field. Resonant ions gain energy from an alternating electrical field, and increase

their orbital radius until they reach a blade - like collector. Non-resonant ions

remain near the axis or are extracted by a small reverse field in a direction away

from the collector. A typical arrangement is shown in Fig. 23.. The ionizing

electron beam must be kept below about 5/uamp to avoid space-charge effects.

Almost all ions formed are collected if they are resonant. As a result, the omega-

tron may be characterized as a very compact mass spectrometer with low power

consumption, fairly high sensitivity and the advantage of requiring no high voltage

for its normal operation. It could be used for molecular-beam analysis. Unfortu-

nately, it is almost impossible to fit an electron multiplier because the collector

I
I

I

is immersed in the magnetic field.

Improved Omegatrons with inhomogeneous fields (40) and with a shielding-

plate added to the collector region (41) have been found to give useful improvements

in resolving power.

4. Other types

A first order double focusing mass spectrometer with crossed radial electro-

(cont'd. on page I17)
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static and homogeneous magnetic fields has been reported (42) but its advantages

are not evident.

A Magnetic Lens spectrometer with the ion beam passing along the axis of a

solenoid and with mass-dependent radial focusing has been described (43) but the

performance was very poor at the higher masses.

Inverted magnetron mass spectrometers have been discussed by Smith (44)

and by Herzog (45). Again the resolving powers were very low.

A rather complex instrument known as a mass synchrometer has been described

by Smith (46). A uniform magnetic field is used. The radius of revolution of

resonant ions is reduced by successive passages through a small synchronously

pulsed electric field region until the ions move towards the axis sufficiently to

be collected. A very high product (resolving power x sensitivity) is claimed.

IV. Mass Analyzers Requiring Neither Electric nor Magnetic Fields

One such device operates by measuring the mean wavelength of the photons

emitted from a scintillation crystal during ion bombardment (47). The wavelength

rises with mass number for a constant ion energy. In the first experiments,

resolving power was extremely low.

Another type of detector measures both the rate of energy loss of a high-

energy ion passing through a thin detector and its residual energy. From these

quantities the Bethe-Bloch equation can be used to find the mass. Results showing

a resolving power of about 16 for very high energy ions have been given by Ander-

son et al (48).

Unless a large and unexpected performance increase is obtained with these

types of detectors, they must be ruled out completely for use in any lunar analyzer

to be built during the next few years.

I
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CHOICE OF A MASS ANALYZER

FOR A LUNAR MASS SPECTROMETER

General requirements are ability to operate over a wide mass range, ability

to achieve a sufficiently high resolving power even when the ions emerging from the

ion source have an energy range of several electron volts, minimum or zero stray

magnetic field (preferably in the 0. I(_ range at a distance of several feet if a magnet-

ometer experiment is included in the mission), suitability for use with an electron

multiplier detector, low power consumption, light weight, and ruggedness.

An essential feature of a suitable analyzer is the ability to detect and to

measure accurately the relative abundances of O, St, Fe, Na or 14, and H20 (as

outlined in an earlier chapter); and it is highly desirable that other substances such

as AI, Mg, and Ca be also measured. Detection of trace elements such as C, S,

Ni, Cr and radioactive elements and decay products such as U, Th, Pb, Rb, Sr,

14 and Ar is also desirable. If possible, isotope ratios should be measurable for

substances such as H, Li, C, O, N, Ne, St, Fe and 14.

a need for a mass range from mass 2 to about mass 600,

about 300 or higher, if feasible.

These requirements indicate

and a resolving power of

The analyzers coming nearest to meeting these requirements are

a. Quadrupole and Monopole Mass Filters

b. Time-of-Flight Mass Spectrometer (Pulsed)

c. Coincidence Mass Spectrometer

d. Sector-Field Magnetic Analyzers

e. Double Focusing Electrostatic/Magnetic Analyzers

Other types can be eliminated on the grounds of inadequate present under-

standing (Fischer mass filter, scintillation and energy-loss analyzers); inadequate

resolving power (the various linear RF, linear oscillator, rotating field and cir-

cular magnetic mass filters); lack of suitability for use with electron multiplier

I
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detectors (Trochotron and Omegatron); generally inadequate performance (para-

bola and other early types); or complexity (the various hybrid time-of-flight/mag-

netic instruments).

Comparative ratings of the analyzers which come nearest to meeting the

desired specifications are shown in Table 6.

The conclusion of this survey is that the most desirable types of analyzers

in approximate order offor the proposed lunar analysis experiment seem to be,

preference,

I.

2.

Monopole

Quadrupole

Pulsed Time-of-Flight
Coincidence

3. Double focusing Analyzer (with separate electrostatic

and magnetic fields, as in the flyable instrument built

by Nier).

The Monopole appears to have clear advantages because of its high per-

formance, simplicity, lack of a magnetic field, velocity focusing, and ability to

collect different ion beams simultaneously.

The three types of analyzers listed as second choice each have special

features. Some of the Monopole's advantages are shared by the Quadrupole, which

has been fairly thoroughly studied. The Time-of-Flight analyzers are comparatively

insensitive to mechanical shock and resulting misalignment. Extreme sensitivity

for analysis of very low-density gases or molecular beams is a feature of the

Coincidence Mass Spectrometer.

The double focusing analyzer, preferably of the type having separate elec-

trostatic and magnetic fields, has the disadvantage of requiring a magnet (and there-

fore requiring fairly elaborate shielding to obtain acceptably small stray fields if

a magnetometer experiment is included in the mission). However, the performance

i
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obtained from an instrument of given size compares well with that obtained from

most non-magnetic instruments. A small flyable mass spectrometer of this type

has been described byNier (31). If future changes in mission requirements make

it possible to use an analyzer which gives an appreciable stray field, this type of

instrument should probably be ranked immediately below the NIonopole, and might

even be preferred to the Monopole if development time had to be kept to an absolute

minimum.

The simple sector-field magnetic analyzer usually has a somewhat lower

resolving power than a double-focusing instrument of the same size. It has the

disadvantage of a further loss in resolving power when analyzing ions which may

have energy variations of up to several electron volts as a result of the very high

temperatures associated with electron beam or laser vaporization. Some simpli-

fication of the associated electronic equipment is possible if this type of magnetic

mass spectrometer is used, because there is no electrostatic analyzer.

It is suggested that a research program to thoroughly investigate the NIono-

pole analyzer be undertaken in the near future.
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ION DETECTORS
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ION DETECTORS

I. Faraday Cup Collector

A simple and effective electrical ion detector consists of a Faraday cup

with suitable secondary electron suppressor electrodes (or magnets) and guard

rings. The sensitivity of such a detector is limited by the characteristics of

the current measuring device connected to it, hence a vibrating reed electrometer

is often used in this application because it is capable of detecting currents as

small as 2 x 10 -15 A (12, 000 ions/second) with a response time of about one

second.

2. Electron Multipliers

The conventional electron multiplier using electrostatic focusing and

separate dynodes has been widely used in mass spectrometry. In some cases

multipliers of this type have been developed specifically for applications in-

volving ion current measurement ( l ). Unfocused multipliers with venetian-

blind and other dynode configurations are also coming into general use, partic-

ularly in cases where an ion beam having a large cross-section is to be measured.

High-performance multipliers of each of these types normally have internal mag-

netic shielding, shielded output leads, and from 15 to 20 dynodes so that a gain

of 106 to 108 can be maintained without the need for special activation procedures,

which frequently give rise to undesirable fatigue effects. The unfocused multi-

pliers have the advantage of non-critical alignment, and probably for that

reason have been used rather widely in rocket-borne instrumentation.

The output pulses of an electron multiplier can either be integrated and

measured with a conventional electrometer, or counted. The counting method

has the advantage of being virtually independent of multiplier gain fluctuations

and, when used in conjunction with pulse-height discrimination, makes it possible
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to achieve background count rates as low as a few counts per hundred seconds

if a properly designed multiplier is employed. Counting systems for use with

mass spectrometers have been described by White and Collins (2), Cathey (3)

and others. Systems are available that can accurately measure 10,000,000 cps.

If a pulsed ion source such as the r-f spark source is used, the useful maximum

count rate is less by the factor (time source is "on")/(totaltime). A 256-channel

memory system for registering and storing counts at different masses has been

discussed by Barton (4). Rapid progress in miniaturization of multi-channel

memory systems suitable for this application suggests that it may before long

be feasible to consider using this type of integrator/storage device in a lunar

analyzer. In this way, results could be accumulated during long periods of

running and then telemetered back to a ground station at suitable times. It

would therefore be possible to operate the analyzer at quite low total ion currents

while still maintaining a satisfactory overall rate of data accumulation, and

without continuous use of a telemetering channel.

Multipliers with crossed electric and magnetic fields are being used

increasingly. Types having separate dynodes (5) and continuous-strip dynodes

(6, 7 ) have been developed. The continuous-strip multipliers have the advan-

tages of simplicity of construction and small size, but frequently have a low

maximum output current because of the high resistance of the dynode material.

A low-noise continuous-strip multiplier in which semiconducting material is

used for the dynodes, described by White et al (7'_), is shown in Figure 24.

Tubular multipliers with continuous dynodes have been described by

Oshchepkov (8) who obtained a gain in excess of 104 , and by Wiley and Hendee

(9) who obtained a gain of 106. A typical layout of a tubular multiplier is shown

in Figure 25. These devices have the advantage, in contrast to other resistance-

(cont'd. on page 127)

I

I
I
I

I
I
I

I

I
I

I
I

I

I
I

I
I

I



!

I -125-

I

!
.,

_o_

J

I

J

I

!
!

•-- "0
'*- C: _L

0 _-



N

-lZ6-

0

i

i
I
I

I
!
I

I

I
l

I
I

I
I
I

I
I

I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

-127-

strip multipliers, of not requiring a magnetic field.

An increasing amount of attention is being devoted to thin-film trans-

mission multipliers. These devices can have dynodes of sufficiently large

area for many adjacent mass peaks to be registered simultaneously. Spatial

relationships between the electron showers corresponding to the different peaks

can be preserved by means of axial magnetic fields and large interstage voltages,

so that an intensified image of part of the spectrum can be displayed on a phos-

phor screen or sampled at several points by means of suitable electrodes.

Another method of simultaneously collecting ions at many different masses is

to use stacked arrays of small multipliers. Arrays of thousands of tubular

multipliers have been briefly described by Wiley and Hendee (9). Stacked

arrays of continuous-dynode multipliers have been suggested by White et al

(7) and others.

Figure 26 shows an experimental transmission multiplier, developed

by Fenner and Wilson (I0). More recently, Sternglass (ll) has described a

new thin film dynode which makes possible gains approaching i00 per stage

with good resolution. Used in a lunar mass analyzer having a line focus for

ions of different masses, a single multiplier of one of these types could be

used to monitor (preferably by counting) several of the most important masses

in the resolved ion beams.

3. Scintillation and Photomultiplier Detectors

One of the earliest ion detectors utilized was the fluorescent screen.

A disadvantage of this detector, which was noted early, is that the positive ions

cause deterioration of the fluorescent screen.

Interest in the technique revived in the late 1940s. In 1950, Richards

and Hays (12) built an interesting system. The energetic ion beam was made

(cont'd. on page 129)
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to impinge on a phosphor; the resulting photons were led out of the vacuum

by a light pipe into a conventional photomultiplier tube. Ion beam damage to

the phosphor was noted once again, and in addition, a strong mass discrimina-

tion effect was found. This has been confirmed by other workers 03 ).

A method of using a scintillation detector that avoids these difficulties

has been described by Schutze and Bernhard (i4), by Daly (15), and by Pikus

(16). One accelerates the ions to a high total energy (say, 30 to 40 kV) and

allows them to impinge on a metal electrode, often aluminum. The secondary

electrons formed are accelerated onto a phosphor and the light led to the photo-

multiplier. It has been reported (15) that the detector has an efficiency

approaching 100_ and shows no mass discrimination. However, the increased

complexity relative to an electron multiplier detector and the need for a very

high voltage power supply are considerable disadvantages in a lunar analyzer

application.

4. The Semiconductor Detector

Friedland (17) proposed the use of a semiconductor detector consisting

of a reverse-biased p-n diode. Such a diode serves as a particle detector in

the following way: a distributed dipole is formed in the junction, the electron-

hole pairs produced by energetic particles passing through the sensitive region

are swept apart, and an electrical pulse is formed.

Presently, semiconductor detectors are used successfully in nuclear

physics to detect high-energy particles, including alpha particles, protons,

electrons and very energetic heavy fission fragments. By extrapolation from

the results obtained, it has been estimated that light ions with energies as low

as 50 keV should be detectable. As semiconductor detector technology develops,

it may be expected that devices useful to mass spectrometrists will be developed.
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Friedland has also suggested (17) that an array of detectors of the semi-

conductor detection type might be used as an electronic analogue of a photo-

graphic plate; strips with a width of l mm, spaced .002" apart were suggested.

Certainly, there are many cases in which such an all-electronic system, detec-

ting all masses simultaneously, would offer important advantages. However,

at the time of writing, many problems remain to be worked out before a useful

system can be developed. One important problem is that of poisoning. Strong

ion beams deposit material rapidly, and also cause significant crystal damage.

Nevertheless, it is estimated (17) that useable lives for such detectors of

months or years will be achievable in normal use.

There is, however, another approach, which makes the present devices

immediately useful in mass spectroscopy. As mentioned, the primary difficulty

with the present semiconductor detectors is that high mass ions have difficulty

in penetrating far enough into the sensitive region to produce a usable number

of electron-hole pairs, unless their energy is much higher than is normally the

case in mass spectroscopy. White et al (18) have overcome this difficulty by

adapting a technque (described above) previously employed with scintillation

detectors to convert low energy ions into energetic electrons. The ions impinge

on a metal plate, and the secondary electrons produced are accelerated to the

semiconductor detector. The electrons cause more effective pulse generation

than the ions because of their greater range in the detector. It appears that,

with an appropriate system of slits, an array of such detectors could be used

for the simultaneous recording of many ion beams. However, the detection

efficiency of the system described by White et al (18) was only about i0_o.
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SELECTION OF ION DETECTOR FOR USE IN LUNAR ANALYZER

Desirable features are light weight, low power consumption, ruggedness,

ability to measure very small ion currents (down to 10 -17 amp or preferably lower)

and freedom from the need to operate at artificially reduced temperatures or in

an artificially produced magnetic field.

The detectors which can reasonably be considered for use in a lunar analyzer

are:

a. Conventional Electron Multipliers of the various non-magnetic types.

b. Tubular multiplier.

c. Transmission-dynode multiplier.

d. Scintillation detector.

e. Faraday-cage collector.

Types which can be excluded from final consideration at this time include the

semiconductor detector (on the grounds of insufficient development and poor per-

formance at low ion energies) and the various multipliers which require an appreci-

able magnetic field for satisfactory operation and have no corresponding special

advantage s.

Relative ratings of the more suitable types of ion detectors are shown in

Table 7.

After taking into account the advantages and disadvantages of these detector

systems the conclusion of this study is that, for use in a lunar analyzer, the most

suitable types of detectors in order of preference are:

I. Conventional-type Electron Multiplier (preferably with unfocused

dynode s ).

Z. Tubular Electron Multiplier (Non-magnetic).

If simultaneous collection of different ion beams is desired, a multiplicity

of these units could be used, operated from the same power supply. For use on

a time-of-flight mass spectrometer, where the ion-electron conversion dynode

must be flat or nearly so, a modified venetian-blind configuration or a Weiss-type

mesh dynode could be used at the multiplier input.
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Chapter 7

DATA PROCESSING AND CALIBRATION
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DATA PROCESSING AND CALIBRATION

IN TRODUC TION

The extremely high cost of carrying out the proposed lunar analysis makes

it essential that the maximum of information be extracted from the mass spectra

telemetered back to Earth after a successful landing. Consideration must also be

given to the problem of obtaining information from spectra which are distorted as a

result of a hard landing causing misalignment or minor structural damage to the

analyzer. As an aid to the interpretation of results, calibration samples of known

composition should be analyzed at intervals.

i. Spectrum Averaging

An improved signal-to-noise ratio can be obtained by integrating signals

occurring at corresponding points in successive mass sweeps. Because true signals

add arithmetically while noise adds randomly, the signal-to-noise ratio is improved

by a factor equal to the square root of the number of integrated (i.e., averaged)

spectra.

Presently available methods for spectrum averaging include use of 400-channel

digital magnetic-core memories and a variety of less accurate techniques based on

analog magnetic tape memories.

It is interesting to note that the inherently fast-scanning pulsed time-of-flight

and coincidence mass spectrometers require an internal gating and integrating cir-

cuit in order to obtain signals suitable for telemetering.

2. Resolving-Power Multiplier

This device (1 , 2 ) provides a means of increasing the effective resolving

power of mass spectrometers (and some other kinds of spectrometers as well). It

is based on the fact that signals generated by a self-adjusting analog mass spectrom,-

eter, automatically made to duplicate the output spectrum of a real mass spectrometer,

can be used as an indication of the input to the real mass spectrometer° These signals
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can be displayed in the form of a spectrum having a resolution considerably better

than that of the real mass spectrometer alone.

The resolving-power multiplier is capable of operating satisfactorily even

when there is gross overlapping of the peaks in the mass spectrum provided by the

real mass spectrometer. It has the additional advantage of correcting automatically

for any instrument aberration which is simulated by an exactly similar aberration

built into the analog spectrometer. It could thus be used to correct for misalignment

or other damage to the lunar mass spectrometer provided suitable calibration sub-

stances of known composition could be run and the distorted spectra telemetered

accurately.

The practicality of the resolving-power multiplication technique depends

largely on the complexity of the analog mass spectrometer required in any particu-

lar case. Fortunately, a mass spectrometer can readily be simulated in analog

form when the following conditions are met:-

I. Peaks having approximately the same mass number must have the same

characteristic shapes when their amplitudes are normalized.

2. It must be possible to record and store these characteristic peak shapes

for each mass range to be studied.

3. The characteristic peak shapes must be stable throughout an experiment.

4. Peaks must add linearly when they overlap.

5. The mass range to be studied must be bounded by points at which there

is small or zero ion current.

Experiments carried out so far have been conducted with simplified apparatus

which makes it necessary for two additional requirements to be met:

6. Peaks corresponding to other than integral mass numbers will not be

encountered.
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7. The mass scale must be accurately calibrated.

These last requirements would be unnecessary if a more elaborate analog sys-

tem were used.

a. Principle of Operation

A block diagram illustrating the basic principle of the resolving-

power multiplier is shown in Fig. 27. Feedback paths are provided in such a way that

the output spectrum of the analog mass spectrometer tends, by successive approxima-

tions, to become identical with the output spectrum of the real mass spectrometer.

When these output spectra are identical, the internally generated signals appearing a_

the input of the analog mass spectrometer correspond to the input to the analyzer of

the real mass spectrometer. These internally generated signals can therefore be

used to identify the ionic species present at the input of the mass analyzer, and

to indicate their relative abundances. This information can be displayed in the form

of a spectrum in which the component peaks are completely resolved.

In practice, the performance of such a system is limited by the ability of the

analog instrument to simulate the exact behavior of the real instrument, and by the

ability of the feedback circuitry to provide cDnvergence to a stable solution_ as well

as by the accuracy of the information supplied to the system from the real instrument.

It therefore becomes necessary to make compromises between over-all performance

and such factors as circuit complexity and component tolerances. Useful performance

is nevertheless obtainable from systems of comparatively simple design.

Figure 28 shows a simplified schematic diagram of an early experimental

resolving-power multiplier. Information from the real mass spectrometer is

applied to the terminals AI, A2, A3, -- • , in the form of voltages between these

(cont'd. on page 139)
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terminals and ground. These voltages are respectively proportional to the ion cur-

rents indicated by the mass spectrometer when it is set to the successive mass

numbers M, M+l, M+ 2, "'" C I, C 2, C3, ... are identical capacitors having iden-

tical resistors connected in parallel. The contacts B1, B2, B3, • .- are the fixed

contacts of a rotary switch having multiple wipers Dl, D2, D3, which are one contact

interval out of phase with each other.

The error voltage between the center wiper D 2 and ground is amplified by the

high-gain dc amplifier which then restores D 2 to ground potential by feeding a charge

Q into the capacitor to which D 2 is momentarily connected. At the same time, charges

QR2/R l and QR2/R 3 pass through D 1 and D 3 into the capacitors to which they are

momentarily connected. R l, R 2, andR 3 are preset so that they supply a charge

pattern which is identical with the ion current pattern in the mass spectrometer for

ions having a single mass. The wipers are rotated continuously at a steady rate,

the period of which is short compared with the time constant of the capacitors and

their parallel resistors. A synchronized oscilloscope trace displays the fluctuations

in potential at the point X.

In Fig. 28, the contacts B correspond to ion collectors positioned at successive

mass numbers. The current pulses passing through Rl, R2, and R 3 correspond to

the ion currents of a single mass falling on adjacent collectors because of incomplete

resolution in the real instrument. The amplitudes of the current pulses at point X

correspond to the total currents of ions with mass numbers appropriate to the suc-

cessive positions of the center wiper D 2. It is these current pulses which represent

the relative abundances of the various nuclides in the mass spectrometer.

In a real mass spectrometer, the ions reaching the collector all have charges

of the same sign. The analog instrument is therefore prevented from generating

signals corresponding to ion currents of negative sign by means of the diode and

associated resistor R. The system is unstable without this feature.
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The action of the analog circuit is to bring the contacts B essentially to

ground potential by a process of successive approximations. Under these conditions,

the potentials across the capacitors C and their associated resistors must be equal

and opposite to the potentials on the contacts A. Thus, the analog spectrum is

identical with the mass spectrometer spectrum at all points corresponding to integral

mass numbers. The capacitors tend to discharge slowly through their parallel resis-

tors, the discharge currents being proportional to the potentials on the contacts A.

The capacitors are continually recharged by the currents fed through the wiper con-

tacts D.

Because the contacts B and hence the wipers are always close to ground poten-

tial, the instantaneous potential at X is proportional to the total instantaneous current

to the wipers at that point. This current is, as explained above, representative of

the amplitude of the corresponding fully-resolved ion beam. It follows that the

instantaneous voltage at the point X can be used as an indication of the relative abun-

dance of the corresponding nuclide in the mass spectrometer. The oscilloscope dis-

play, therefore, gives the mass spectrum essentially as it would be displayed by a

mass spectrometer capable of completely resolving adjacent peaks.

In practice, five, seven, or more wipers and variable resistors may be

required for adequate reproduction of the ion current pattern of ions of a given mass

number in the real instrument. An ion current pattern simulated by currents passing

through n wipers may correspond to a mass peak up to n+ 1 units wide at its base°

.k system having n wipers can therefore be used to give resolving-power multiplication

factors up to n+ I.

Several different rotary switch systems have been used successfully. Motor-

driven switches operating at up to 200 rpm have been found useful where rapid changes

in the real spectrum must be followed. For most other work, however, rotary

stepping switches driven at a constant but slower rate have been found to give better
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results. Their accurate construction, long life, and reproducible contact character-

I
I

I

istics allow considerably more accurate peak height indications to be obtained than is

the case with most motor-driven switches.

b. Operating Techniques

If resistors R l... R n have not been adjusted to match the ion current

pattern of the real mass spectrometer, the shape of a single mass peak is determined

I

I

I

from a calibration run in which a substance giving an isolated peak in the appropriate

spectral range is fed into the mass spectrometer. Potentials corresponding to the

ordinates of the single mass peak are then applied to terminals A-A. The multiplier

is switched on and the amplifier zero setting is checked. Adjustments of the wiper

resistors are made until the display shows a single peak at the correct position,

I
I

I

and of the correct amplitude (if the amplitude scale has been calibrated). An example

of such a display is given on the right of Fig. 29.

To solve a complex peak, potentials representing the ordinates of the complex

spectrum, measured at each mass number, are then applied to A-A. Under normal

conditions the oscilloscope display then provides the fully-resolved spectrum after

completing the 5 to I0 sweeps necessary to reach a steady state.

c. Results

A number of spectra obtained with experimental resolving-power

multipliers have been given in previous publications ( I, 2 ).

The spectra given in this paper were all obtained using a simple time-of-flight

mass spectrometer operating in conjunction with a more elaborate version of the

multiplier described in an earlier section. Results obtained with the simpler unit

I

I
I

are very similar except foT the somewhat lower accuracy and a more restricted

range of resolving-power multiplication factors.

With pure Kr 86 fed into the mass spectrometer, the mass spectrum shown

on the left in Fig. 30 was obtained. The basewidth at I_o of peak height is about 6

(cont'd. on page 144)
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mass units, indicating a resolving power of about 14. A plug-in unit, with poten-

tiometers set to pick off voltages proportional to the ordinate of this peak at each

mass number, was then inserted in the multiplier for a check on the adjustment of

resistors R 1-.- R 7. The spectrum appearing on the oscilloscope screen is shown

on the right in Fig. 30.

The Kr 86 was pumped away and normal krypton fed into the mass spectrometer.

A similar procedure was followed. The unresolved and fully resolved spectra are

shown on the left and right, respectively, of Fig. 31. The inset at the right of Fig. 31

shows the normal krypton spectrum as it would appear at the output of an instru-

ment giving triangular mass peaks and having a resolving power of 85. The relative

peak heights are taken from the tables of Bainbridge and Nier (3). The mean error

in the peak heights indicated by the resolving-power multiplier is less than l_o of

the amplitude of the mass 84 peak.

The resolution of the mass spectrometer was then intentionally reduced until

pure Kr 86 gave an asymmetrical peak more than 9 mass units wide at l_0 of its

height. Accurate simulation of such a peak would require 9 wipers and wiper resis-

tors. In this case, an approximate solution was attempted using the 7 available

wipers. The resistors R I--.R 7 were readjusted to match the new peak shape as

closely as possible, and the Mr 86 was then pumped away. Normal krypton was fed

into the mass spectrometer, giving the spectrum shown on the left of Fig. 32. With

a suitably adjusted plug-in unit in the multiplier, the fully resolved spectrum was

as shown on the right in Fig. 32. The true relative isotopic abundances are again

shown for comparison. In this case, the resolved peak heights are naturally some-

what less accurate than in the previous experiment,

of the true spectrum are preserved.

although all of the main features

(cont'd. on page 147)
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d. Applications to Lunar Analyzer

For use in conjunction with a lunar mass spectrometer, the resolving

power multiplier has the following important features:

i. It enables a considerable improvement in effective resolving power to be

obtained without a corresponding increase in analyzer complexity.

2. It can be operated on the ground, so that there is no weight or power con-

sumption penalty.

3. It can be used to correct for minor analyzer misalignment or damage -

provided, of course, that the analyzer is not put out of action completely, and pro-

vided that suitable calibration samples are available.

It is strongly recommended that further development of the resolving power

multiplier be carried out, and that such a system be considered for use on the ground

to analyze telemetered spectra from the lunar mass spectrometer.

3. Calibration Samples

As was pointed out in the introduction to this chapter, there are strong reasons

for incorporating into the lunar analyzer a system for introducing calibration samples

of known composition. These could be introduced either at preset times or, possibly,

on command from the Earth. The calibration samples should definitely include

materials likely to be encountered on the Moon, as well as samples of elements

covering a wide mass range (preferably isotopically pure) for use in determining the

characteristic peak shapes required by the resolving-power multiplier.
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CONCLUSION

The conclusion of this study is that a mass spectrometer with the following

characteristics is likely to be the best choice for analyzing samples of the lunar

crust and atmosphere:-

I. Ion source - electron bombardment ionization. Vaporization

of solid samples by electron beam or possibly laser beam.

2. Mass Analyzer - Monopole type.

3. Ion Detector - electron multiplier, preferably with separate

unfocused dynodes.

4. Internal Calibration - Standard samples of known composition

to be analyzed periodically.

5. Data Processing - Resolving Power Multiplier to be used to

process data telemetered from lunar analyzer.

It is assumed that a monopole electrode length of 35 - 65 cm. would be accep-

table; the larger figure is obviously to be preferred if space and weight considerations

allow it. Such a system should easily be capable of carrying out the mass separa-

tions necessary for application of the "normative" technique for mineralogical

classification of lunar rocks.

Mass scanning could probably be best accomplished by automatically selecting

in turn the masses corresponding to a number of the most important elements

associated with the "normative" analysis technique, and then at suitable intervals

carrying out mass scans of the complete spectrum in order to detect other elements.

If a sufficient number of telemetering channels were available, simultaneous collec-

tion and measurement at several of the most important masses would be possible.

In view of the time-of-flight mass analyzer's special advantage of being rela-

tively insensitive to structural distortions, it is worth considering the possibility of

using with the monopole analyzer an ion source capable of being pulsed and an ion
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detector capable of being momentarily gated on after a variable time interval.

Then, if suitable pulsing circuits could be carried without exceeding weight limita-

tions, a damaged monopole electrode system which was distorted and unusable for

its original purpose could be used as the flight tube for a time-of-flight mass ana-

lyzer operating with the original ion source, ion detector and output system. With

this internal detector-gating arrangement the output circuit does not have to handle

high-frequency signals.

If future changes in mission requirements eliminate the need for the stray

magnetic fields to be kept very small, and especially if the available development

time is short, consideration should be given to using a double-focusing magnetic

mass analyzer instead of the monopole analyzer.

It is suggested that additional research and development should be carried

out in the following areas connected with lunar analysis problems:-

I. Investigation of electron beam vaporization and laser vapori-

zation sources using electron bombardment for ionization. Emphasis

to be placed on miniaturization and reduction of power consumption.

It would also be useful to investigate further the ion sputtering source.

2. Investigation of the characteristics of the Monopole mass analyzer,

particularly as regards resolving power and abundance sensitivity,

for electrode dimensions similar to those for the proposed lunar

instrument.

3. Development of miniaturized memories for use in storing the

results of large numbers of mass sweeps and then telemetering

the results on demand or after predetermined periods of operation.

4. Further development of the Resolving Power Multiplier, with

emphasis on versions not requiring mass scale calibration and

not limited to one peak per mass unit.
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5. Preliminary rock analyses which should be carried out in

a terrestrial laboratory to allow satisfactory interpretation of

the lunar data. "


